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SUMMARY
The h e a t  r e s i s t a n c e  a t  65° o f  t h r e e  s t r a i n s  o f  s a l m o n e l l a  i n  
s o l u t i o n s  o f  s u g a r s  and p o l y o l s  was enhanced  as  t h e  c o n c e n t r a t i o n  o f  
t h e  s o l u t e s  was i n c r e a s e d .  A l i n e a r  r e l a t i o n s h i p  b e tw een  h e a t  r e s i s t a n c e  
and w a t e r  a c t i v i t y  ( a^ )  d i d  n o t  e x i s t ,  b u t  f o r  a l l  s o l u t e s  e x c e p t  g l y c e r o l  
t h e r e  was a l i n e a r  r e l a t i o n s h i p  b e tw een  l o g  and p e r  c e n t  (w/w) 
s o l u t e .  Comparison  a t  one a^  v a l u e  o r  p e r  c e n t  (w/w) s o l u t e  c o n c e n ­
t r a t i o n  showed v a l u e  i n  s u c r o s e >  g l u c o s e  > ^ s o r b i t o l  ^ f r u c t o s e >
g l y c e r o l .  I n  g l y c e r o l  D v a l u e s  were a lw ays  v e r y  much lo w e r  t h a n  w i t h65
any  o t h e r  s o l u t e .
In  s u c r o s e / g l y c e r o l  o r  s u c r o s e / g l u c o s e  m i x t u r e s ,  s a l m o n e l l a  h e a t
r e s i s t a n c e  depended  b o t h  on t h e  t o t a l  p e r  c e n t  (w/w) s o l u t e s  p r e s e n t ,
and on t h e  a^  o f  t h e  s o l u t i o n .  P r o p y l e n e  g l y c o l  or p o t a s s i u m  s o r b a t e
added  t o  48 p e r  c e n t  (w/w) s u c r o s e  s o l u t i o n  d e c r e a s e d  h e a t  r e s i s t a n c e .
Two s t r a i n s  o f  o s m o p h i l i c  y e a s t  a l s o  showed enhanced  h e a t  r e s i s t a n c e *
when h e a t e d  a t  65° i n  s o l u t i o n s  o f  s u g a r s  and p o l y o l s  a t  a^  0 . 9 5 .
v a l u e s  were  l e s s  t h a n  t h o s e  o b t a i n e d  f o r  s a l m o n e l l a e  a t  t h e  same a  i nw
a l l  s o l u t e s  e x c e p t  g l y c e r o l .  Com pari son  o f  v a l u e s  showed s u c r o s e
. . .  ^  g l u c o s e  , ," ' ' r b i t o l > f ^ ^ ,c t o s e >  g l y c e r o l .
S t u d y  o f  c y t o p l a s m i c  membrane p e r m e a b i l i t y  by b o t h  m i c r o s c o p i c  
and t u r b i d i m e t r i c  methods showed t h a t  h e a t  r e s i s t a n c e  was g r e a t e s t  when 
s o l u t e s  were l e a s t  a b l e  t o  pe rm e a te  t h e  membrane,,  i n d i c a t i n g  t h a t  h e a t  
r e s i s t a n c e  was a s s o c i a t e d  more w i t h  d e h y d r a t i o n  o f  t h e  c e l l  t h a n  w i t h  
r e p l a c e m e n t  o f  t h e  c e l l  w a t e r  by s o l u t e s .
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-4, .
I t  may n o t  be an  e x a g g e r a t i o n  t o  s u g g e s t  t h a t  human c i v i l i z a t i o n  
began  when ways were found  o f  p r e s e r v i n g  f o o d .  C o n t in u o u s  s e a r c h i n g  
f o r  food  was t h e n  no l o n g e r  n e c e s s a r y ,  and t ime  was a v a i l a b l e  f o r  l e s s  
mundane p u r s u i t s .
The most  a n c i e n t  method o f  food  p r e s e r v a t i o n  was p r o b a b l y  d r y i n g .  
I n d e e d ,  u n t i l  c o m p a r a t i v e l y  r e c e n t  t i m e s  d r y i n g  and  s a l t i n g ,  somet imes  
combined w i t h  smoking,  were t h e  o n l y  methods known f o r  p r e s e r v i n g  f oods  
( e x c e p t  f o r  f e r m e n t a t i o n  s y s te m s  where l a c t i c  o r  a c e t i c  a c i d ,  or  a l c o h o l  
a c t e d  as  a  c h em ica l  p r e s e r v a t i v e ) .
G r a i n  was p r e s e r v e d  by d r y i n g  and s t o r e d  i n  g r a n a r i e s  i n  A n c i e n t  
Egyp t  ( G e n e s i s  41,  396) and p r o b a b l y  l o n g  b e f o r e  t h a t .  There  i s  e v i ­
dence  t h a t  f i s h  was d r i e d  and smoked i n  s e t t l e m e n t s  b e s i d e  t h e  r i v e r  
Bann i n  I r e l a n d  2 ,000  y e a r s  B . C . ,  and bacon  was known b e f o r e  Roman t i m e s  
(W i l son ,  1 9 7 3 ) .  I n  B r i t a i n ,  f rom Saxon t i m e s  t o  t h e  s e v e n t e e n t h  
c e n t u r y  d r i e d  cod ( s t o c k f i s h )  and v a r i o u s  s a l t e d  f i s h e s  were s t a p l e s  
o f  t h e  p o o r m a n ' s  d i e i  , Bacon was a  d i s h  o f  t h e  m a s s e s ,  and s a l t i n g  
was u s e d  t o  p r e s e r v e  mea t  f o r  t h e  w i n t e r .  When s u g a r  ( s u c r o s e )  became 
p l e n t i f u l  and c heap  i n  t h e  1 8 t h  c e n t u r y ,  u se  of  s y r u p s  t o  p r e s e r v e  f r u i t  
became more common; t h e  e v e r - s w e e t  human t o o t h  was f e d  w i t h  c o n f e c t i o n e r y  
made and  p r e s e r v e d  w i t h  s u c r o s e .
S i n c e  t h e n  c a n n in g  and  f r e e z i n g  have  d e v e l o p e d  i n t o  v a s t  i n d u s t r i e s ,  
e s s e n t i a l  f o r  p r o v i d i n g  t h e  e v e r - g r o w i n g  u r b a n  p o p u l a t i o n  w i t h  food  
wh ich  may have be e n  h a r v e s t e d  t h o u s a n d s  o f  m i l e s  away. N e v e r t h e l e s s  
d r y i n g  r e m a in s  a  u s e f u l  method o f  food  p r e s e r v a t i o n  wh ich  h a s  many 
a d v a n t a g e s .  New methods have  be e n  d e v e lo p e d  t o  p ro d u ce  b e t t e r  d r i e d  
p r o d u c t s  -  i n c l u d i n g  f r e e z e - d r y i n g  o f  v e g e t a b l e s ,  s p r a y - d r y i n g  o f  m i lk  
and egg a n d  r e v e r s e  o s m o s i s .  D r i e d  p r o d u c t s  ( i n c l u d i n g  s u g a r  c o n f e c ­
t i o n e r y )  have t h e  g r e a t  a d v a n t a g e  of b e i n g  r e l a t i v e l y  s t a b l e ,  b e i n g  
l i g h t  i n  w e i g h t  and r e q u i r i n g  l e s s  e x a c t i n g  s t o r a g e  c o n d i t i o n s  t h a n  
f r o z e n  f o o d ,  and l e s s  p a c k a g i n g  m a t e r i a l  t h a n  canned  f o o d s .  T r a n s p o r t a -
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t i o n  i s  c o n s e q u e n t l y  e a s i e r  and l e s s  e x p e n s i v e .  A n o t h e r  a d v a n ta g e  
i s  t h a t  a d d i t i o n  o f  c h e m i c a l s  t o  p r e v e n t  m i c r o b i a l  g r o w th  s h o u ld  be 
u n n e c e s s a r y  s i n c e  t h e  d r y n e s s  of  t h e  food  i s  d e s i g n e d  t o  a c h i e v e  t h i s .
A l l  t h e s e  f a c t o r s  combine t o  make an a n c i e n t  method o f  f o o d  p r e s e r v a t i o n  
an i m p o r t a n t  modern method a l s o .
' D r y i n g '  can  be a c h i e v e d  e i t h e r  by p h y s i c a l l y  rem ov ing  w a t e r ,  or  
by a d d i n g  h i g h  c o n c e n t r a t i o n s  o f  s o l u t e s  -  t r a d i t i o n a l l y  e i t h e r  s a l t  
(NaCl) o r  s u g a r  ( s u c r o s e ) .  I n  t h e  f i r s t  ca se  t h e  r e s i d u a l  w a t e r  w i l l  
c o n t a i n  h i g h  c o n c e n t r a t i o n s  of  t h e  s o l u t e s  a l r e a d y  p r e s e n t  i n  t h e  
p r o d u c t ,  and i n  t h e  s e co n d  c a s e  t h e  s a l t  o r  s u g a r  w i l l  be t h e  p r e d o m i n a n t  
s o l u t e .  There i s  c o n s i d e r a b l e  e v id e n c e  to  s u g g e s t  t h a t  t h e  most  impor­
t a n t  f a c t o r  i n  t h e  p r e v e n t i o n  o f  m i c r o b i a l  g rowth  ( s p o i l a g e )  i n  t h e s e  
f o o d s  i s  t h e  low l e v e l  o f  w a t e r  a v a i l a b l e  f o r  c h e m i c a l  o r  b i o c h e m i c a l  
r e a c t i o n s  ( w a te r  a c t i v i t y  o r  a ^ J .  However ,  t h e  s o l u t e s  u s e d  t o  r e d u c e
a a l s o  have  an  e f f e c t ,  w
The m i c r o b i o l o g i c a l  q u a l i t y  o f  many t r a d i t i o n a l  d r i e d  fo o d s  was 
u n d o u b t e d l y  poor  b u t  l i t t l e  h e e d ed  u n t i l  modern c o n c e p t s  o f  h y g i e n e  and 
- food  s c i e n c e  e v o l v e d .  In  c o n t r a s t  t o  i t s  i n h i b i t o r y  a c t i o n  w i t h  
r e s p e c t  t o  m i c r o b i a l  g r o w t h ,  d r y i n g  has  a l e s s  d e s i r a b l e  e f f e c t  on m i c r o ­
b i a l  h e a t  r e s i s t a n c e .  Numerous w o r k e r s  have r e p o r t e d  t h a t  h e a t  
r e s i s t a n c e  i s  i n c r e a s e d  i n  d r y  s i t u a t i o n s  ( s e e  I I . 7 ) .  C o n s e q u e n t l y  
u n d e s i r a b l e  o rgan i sm s  may be more d i f f i c u l t  t o  e l i m i n a t e .  A v a i l a b l e  
i n f o r m a t i o n  i n d i c a t e d  t h a t  when s o l u t e s  were added t o  c o n t r o l  a^ h e a t  
r e s i s t a n c e  migh t  be more d e p e n d e n t  on t h e  s o l u t e  u s e d  t h a n  on t h e  a ^ .  
C o n s i d e r a t i o n  o f  t h e  p ro b le m  i n d i c a t e d  t h a t  t h e  p r e s e n c e  of  v a r i o u s  
s o l u t e s  a t  h i g h  c o n c e n t r a t i o n  m ig h t  w e l l  a f f e c t  h e a t  r e s i s t a n c e  by 
c a u s i n g  i o n i c  im b a la n c e  w i t h  h i g h  c o n c e n t r a t i o n s  o f  s a l t s ,  o r  b e c a u s e  o f  
d i f f e r i n g  a b i l i t i e s  o f  v a r i o u s  s o l u t e s  t o  p e rm e a te  i n t o  t h e  c e l l .
In  t h i s  s t u d y  an a t t e m p t  has  been  made t o  s u r v e y  some o f  t h e
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knowledge  o f  v a r i o u s  a s p e c t s  o f  t h e  w a t e r  r e l a t i o n s  o f  m i c r o ­
o r g a n i s m s  ( P a r t  I I ) .  The e x p e r i m e n t a l  work i n  t h i s  s t u d y  h a d ,  o f  
n e c e s s i t y ,  t o  be c o n f i n e d  t o  a s m a l l  a r e a  o f  t h i s  s u b j e c t .  I n c r e a s i n g ,  
c o n c e r n  t h a t  m i c r o b i a l  c o n t a m i n a t i o n  o f  food  s h o u ld  be a s  low as  
p o s s i b l e  has  r e s u l t e d  i n  i n c r e a s e d  i n t e r e s t  i n  m i c r o b i a l  h e a t  r e s i s ­
t a n c e  a t  low a^ .^ I t  was d e c i d e d  t o  compare t h e  e f f e c t  on h e a t  
r e s i s t a n c e  o v e r  a s  wide a  r a n g e  o f  a^  ^ a s  p o s s i b l e  o f  a g r o u p  o f  r e l a t e d  
n o n - i o n i c  s o l u t e s  commonly u s e d  i n  t h e  f,ood i n d u s t r y  i . e .  s u g a r s  and 
p o l y o l s  ( p o l y h y d r i c  a l c o h o l s ) .  Two g r oups  of  m i c r o - o r g a n i s m s  were 
s e l e c t e d  f o r  s t u d y ,  b o t h  o f  w h ic h  c a u se  p rob lem s  i n  t h e  f o o d  i n d u s t r y .  
S a l m o n e l l a e  c a n n o t  grow a t  a^  l e v e l s  be low a b o u t  0 . 9 4 ,  b u t  may s u r v i v e  
and c o n t a m i n a t e  o t h e r  foods  and t h e n  grow,  c a u s i n g  fo o d  p o i s o n i n g .  
O sm oph i l i c  y e a s t s  were i n v e s t i g a t e d  b e c a u s e  t h e i r  g rowth  a t  low a^  can 
c a u se  fo o d  s p o i l a g e ,  r e s u l t i n g  i n  s e r i o u s  economic l o s s e s .
The work  d e s c r i b e d  c o v e r s  i n v e s t i g a t i o n s  i n t o  h e a t  r e s i s t a n c e
a t  v a r i o u s  a l e v e l s  ( P a r t  I V ) ;  mechanisms  o f  i n c r e a s e d  h e a t  r e s i s t a n c e  w
( P a r t  V) ;  t h e  e f f e c t  o f  s o l u t e s  on c e l l  morphology  ( P a r t  V ) ;  and t h e  
r e l a t i o n s h i p  be tw een  h e a t  r e s i s t a n c e  and c e l l  membrane p e r m e a b i l i t y  
( P a r t  VI)  o r  a b i l i t y  t o  u t i l i z e  t h e  s o l u t e s  ( P a r t  I I I ) .
Some o f  t h e  work d e s c r i b e d  i n  t h i s  t h e s i s  has  been  p u b l i s h e d  
( C o r r y ,  1973a ,  b ; 1 9 74 ) .
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1 « INTRODUCTION
I n  i n d u s t r i a l  s i t u a t i o n s ,  m i c r o b i o l o g i c a l  c o n t r o l  u s u a l l y  means 
e i t h e r  k i l l i n g  m i c r o - o r g a n i s m s  and  p r e v e n t i n g  r e c o n t a m i n a t i o n ,  o r  
c o n t r o l l i n g  t h e  e n v i r o n m e n t  so t h a t  t h e y  c a n n o t  grow.  A l t h o u g h  b o t h  
t h e s e  o b j e c t i v e s  can be a c h i e v e d  by a d d i t i o n  o f  a  v a r i e t y  o f  c h e m i c a l  
s u b s t a n c e s  i t  i s  becoming  i n c r e a s i n g l y  a p p a r e n t  t h a t  p h y s i c a l  
r a t h e r  t h a n  c h e m ic a l  means o f  c o n t r o l  a r e  d e s i r a b l e ,  p a r t i c u l a r l y  
i n  v i e w  o f  t h e  p r e s e n t  c o n c e r n  f o r  t h e  e nv i ronm en t*
M i c r o b i a l  c o n t a m i n a t i o n  o r  g r o w th  can  c a u s e  p r o b le m s  n o t  j u s t  i n
t h e  f o o d ,  d r i n l t ,  p h a r m a c e u t i c a l  and m e d i c a l  f i e l d s ,  b u t  a l s o  i n  many 
o t h e r  a r e a s  -  f o r  i n s t a n c e  i n  c o o l i n g  w a t e r s ,  c u t t i n g  f l u i d s ,  a v i a t i o n  
f u e l ,  t h e  s a f e  d i s p o s a l  o f  e f f l u e n t  and even  d u r i n g  t h e  s t e r i l i z a t i o n  
o f  s p a c e - s h i p s .  I n  t h e  fo o d  i n d u s t r y  t h e  p h y s i c a l  t r e a t m e n t s  of  
d r y i n g  and  h e a t i n g  a r e  commonly u s e d  d u r i n g  fo o d  m a n u f a c t u r e ,  e i t h e r  
a s  a  n e c e s s a r y  p r o c e s s ,  e . g .  c o o k in g ,  o r  s p e c i f i c a l l y  t o  improve 
m i c r o b i a l  q u a l i t y  and s t a b i l i t y  o f  a  p r o d u c t .  Many p r o c e s s e s  now 
i n  u s e  r e l y  on t r a d i t i o n a l  t r e a t m e n t s  which  have  b e e n  fo u n d  r e l i a b l e  
by t r i a l  and e r r o r .  The p r e s e n t  t r e n d  t o w a rd s  m in im a l  t r e a t m e n t ,  
c o n s i s t e n t  w i t h  de v e lo p m en t  o f  a  saT'e p r o d u c t ,  s h o u l d  e n s u r e  t h a t  
o r g a n o l e p t i c  and  n u t r i t i o n a l  q u a l i t y  i s  a s  h i g h  a s  p o s s i b l e .  I t  i s  
hoped  t h a t  e v e n t u a l l y  an  u n d e r s t a n d i n g  o f  t h e  b a s i c  mechanism i n v o l v e d  
w i l l  a l l o w  p r e d i c t i o n  o f  t h e  p h y s i c a l  c o n d i t i o n s  n e c e s s a r y  f o r  
s a f e t y  and  good k e e p i n g  q u a l i t y  i n  any  g i v e n  s i t u a t i o n  b o t h  i n  t h e
f o o d  i n d u s t r y ,  and i n  o t h e r  i n d u s t r i e s  where t h e r e  may be even  l e s s
e m p i r i c a l  k n ow le dge .  A l t h o u g h  our  knowledge  i s  by  no means c o m p l e t e ,  
t h e r e  i s  a  c o n s i d e r a b l e  l i t e r a t u r e  which  c o n t a i n s  some v a l u a b l e  
i n f o r m a t i o n .
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, I n  t h i s  s u r v e y  an  a t t e m p t  h a s  be e n  made t o  a s s e m b le  i n f o r m a t i o n  
from a number o f  d i f f e r e n t  a p p r o a c h e s :  t h e  e f f e c t s  o f  d r y i n g  w i t h  
r e g a r d  t o  t h e  q u a l i t y  o f  d r i e d  f o o d s ;  o p t i m u m ' c o n d i t i o n s  d u r i n g  
f r e e z e - d r y i n g  t o  p r e s e r v e  m i c r o - o r g a n i s m s ;  t h e  s u r v i v a l  of  a i r b o r n e  
m i c r o b e s ;  t h e  e f f e c t s  o f  w a t e r  c o n t e n t  on g row th  o f  o r g a n i s m s  and  
s p o i l a g e  o f  f o o d s ;  and  t h e  e f f e c t  o f  w a t e r  on h e a t  r e s i s t a n c e .  Some ' 
work h a s  be e n  done a l s o  on th e  f u n d a m e n t a l  e f f e c t s  of  h e a t  and  on t h e  
b i o p h y s i c a l  p r o p e r t i e s  o f  c e l l  w a t e r ,
2 .  MEASUREMENT OF WATER CONTENT
The s i m p l e s t  method o f  m e a s u r in g  t h e  amount  o f  w a t e r  i n  a  s y s te m  
i s  t o  w e igh  t h e  sample b e f o r e  and  a f t e r  o v e n - d r y i n g .  O th e r  methods  
i n v o l v e  q u a n t i t a t i v e  c h e m i c a l  r e a c t i o n s  o r  m easu rem en t  o f  c h a n g e s  i n  
p h y s i c a l  o r  c h e m i c a l  p r o p e r t i e s ,  p r e v i o u s l y  c o r r e l a t e d  w i t h  m o i s t u r e  
c o n t e n t  d e t e r m i n e d  by a  s t a n d a r d  method ( e . g ,  Pande and  P a nde ,  1 9 6 2 ) ,  
Measurement  o f  such  s e c o n d a r y  p r o p e r t i e s  h a s  t h e  a d v a n t a g e  o f  r a p i d i t y  
and can  be u s e d  f o r  c o n t i n u o u s  m o n i t o r i n g  on an  i n d u s t r i a l  s c a l e  
( S l i g h t ,  1971 ) ,  where  w a t e r  c o n t e n t  i s  g e n e r a l l y  e x p r e s s e d  a s  a 
p e r c e n t a g e  (w/w).  However ,  t h i s  s y s te m  of  m e a s u r i n g  w a t e r  c o n t e n t  
t a k e s  no a c c o u n t  o f  i t s  d e g r e e  o f  b i n d i n g  t o ,  o r  a s s o c i a t i o n  w i t h ,  
t h e  d r y  c o n s t i t u e n t s ,  wh ich  i s  an i m p o r t a n t  c o n s i d e r a t i o n  when b i o ­
c h e m i c a l  o r  m i c r o b i o l o g i c a l  f a c t o r s  a r e  b e i n g  c o n s i d e r e d .  Measurement  
o f  t h e  c h e m i c a l  p o t e n t i a l  o r  *water  a c t i v i t y *  o f  a  sy s te m  i s  t h e r e f o r e  
commonly u s e d .  '
2 , i ,  W a te r  A c t i v i t y
W ate r  a c t i v i t y  (a^J  i s  a  m easu re  o f  f r e e  w a t e r  i n  a  m u l t i c o m p o n e n t  
s y s t e m .  I t  i s  a  thermodynamic  c o n c e p t .  When a  s o l u t e  i s  mixed w i t h  
w a t e r  some o f  t h e  w a t e r  becomes a s s o c i a t e d  w i t h  s o l u t e  m o l e c u l e s  and  
t h e r e  i s  a  d e c r e a s e  i n  e n t r o p y .  The w a t e r  a c t i v i t y  i s  r e d u c e d  and  l e s s
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w a t e r  i s  a v a i l a b l e  f o r  c h e m i c a l  r e a c t i o n .  One e f f e c t  of t h i s  l o s s  
o f  e n t r o p y  i s  t h a t  t h e  v a p o u r  p r e s s u r e  o f  t h e  s o l u t i o n  i s  r e d u c e d .  
The v a p o u r  p r e s s u r e  o f  an  i d e a l  s o l u t i o n  r e l a t i v e  t o  t h e  s o l v e n t  i s  
e q u a l  t o  t h e  mole f r a c t i o n  o f  t h e  s o l v e n t  ( R a o u l t * s  l a w ) ;
I  = “ 2
O -h Ng
where  P = v a p o u r  p r e s s u r e  o f  s o l u t i o n ;  P^ = v a p o u r  p r e s s u r e  o f  s o l v e n t ;
= m ole s  o f  s o l u t e ;  = t h e  m ole s  o f  s o l v e n t ,
P /P ^  X 100 i s  known a s  t h e  e q u i l i b r i u m  r e l a t i v e  h u m i d i t y  ( e , r , h , )  
and i t  i s  n u m e r i c a l l y  e q u a l  t o  t h e  a ^ ^ o f  t h e  sy s tem  (a^^ = e , r , h , / l O O ) ,  
The w a t e r  a c t i v i t y  of  l i q u i d s  or  s o l i d s  i s  o f t e n  d e t e r m i n e d  by
e . r . h ,  m easu rem en t  -  by m e a s u r i n g  t h e  r e l a t i v e  h u m i d i t y  o f  an
a tm o s p h e r e  i n  e q u i l i b r i u m  w i t h  t h e  s u b s t a n c e  e xam ined .  I n  p r a c t i c e ,  
no s o l u t i o n  i s  i d e a l  and  t a b l e s  o f  a ^  g i v e n  by  a  r a n g e  o f  c o n c e n t r a t i o n s  
o f  s o l u t e s  have  b e e n  drawn up  by m easu rem en t  o f  e . r . h ,  o r  c a l c u l a t e d  
from t h e  m o la l  o s m o t i c  c o e f f i c i e n t  ( / ) ;
a  =  exp ( -  ^—
‘ 55,51
where  m = mole c o n c e n t r a t i o n  o f  s o l u t e ;  v  = number o f  i o n s  g e n e r a t e d
by e a c h  m o le c u le  o f  s o l u t e .
T h e o r e t i c a l l y  a  s h o u l d  n o t  v a r y  w i t h  t e m p e r a t u r e ,  a l t h o u g h  w
i n  p r a c t i c e  t h e r e  i s  a  s l i g h t  c h a n g e ,  S c o t t  (1957)  i n  h i s  r e v i e w  on 
m i c r o b i a l  g ro w th  and  a ^  g i v e s  f u l l e r  t r e a t m e n t  o f  t h e  c o n c e p t  of  a ^ .  
V a r i o u s  t a b l e s  o f  w a t e r  a c t i v i t y  v a l u e s  f o r  b o t h  e l e c t r o l y t e s  
and  n o n - e l e c t r o l y t e s  have  b e e n  p u b l i s h e d  ( e . g ,  Rob inson  and S t o k e s ,
1955;  N o r r i s h ,  1964;  Y oung ,1 9 6 7 ) ,  N o r r i s h  (1964)  d e r i v e d  a  t h e rm o ­
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d y n a m i c a l l y - b a s e d  e q u a t i o n  which  would  e n a b l e  t h e  a  o f  s i n g l e  andw
m u l t i c o m p o n e n t  s o l u t i o n s  of  s u g a r s  u s e d  by c o n f e c t i o n e r s . t o  be c a l c u l a t e d
u s i n g  a  s e r i e s  o f  c o n s t a n t s  o b t a i n e d  from e x p e r i m e n t a l  r e s u l t s ,
—  1 1 
l o g  ( a ^  o r  e . r . h * )  =' l o g  x^ + +
where  x^ = mole f r a c t i o n  o f  w a t e r ;  x ^ ,  x ^ ,  e t c ,  = mole f r a c t i o n s  of  
v a r i o u s  s o l u t e s ;  ^ 1 3  ^ e t c ,  = c o n s t a n t s  o f  e a c h  s o l u t e  i n  w a t e r ,
2 .  i i .  , M easurement  o f  W ate r  A c t i v i t y  ( e . r . h , )
The r e c e n t  r e v i e w  by  Sm ith  (1971)  g i v e s  a  c o m p r e h e n s iv e  p i c t u r e  
o f  m ethods  a v a i l a b l e  f o r  m easurem ent  o f  a ^ .  There  a r e  f i v e  g e n e r a l  
m e thods ;
1• D i r e c t  m anom et r ic  m easu rem en t  -  e v a c u a t i o n  f o l l o w e d  by r e a d i n g  
m anom et r ic  p r e s s u r e .
2 ,  C o n s t r u c t i o n  o f  a  s o r p t i o n  i s o t h e r m  -  t h e  r e l a t i o n s h i p  be tw e en  t h e  
p e r c e n t a g e  w a t e r  and t h e  e . r . h .  i s  d e t e r m i n e d  by  e q u i l i b r a t i o n  o f  
t h e  s o l i d  i n  an  e n c l o s e d  sy s tem  w i t h  a  s e r i e s  o f  e l e c t r o l y t e  
s o l u t i o n s  o f  known e . r . h .  The w a t e r  c o n t e n t  can  be  c a l c u l a t e d  by 
d e t e r m i n a t i o n  o f  d r y  w e i g h t  ( a f t e r  o v e n - d r y i n g )  v e r s u s  wet  w e i g h t  
( a f t e r  e q u i l i b r a t i o n ) .  T h i s  method can be u s e d  i n  c o n j u n c t i o n
. w i t h  i n s t r u m e n t s  f o r  r a p i d l y  m e a s u r in g  p e r c e n t a g e  w a t e r  -  f o r  
i n s t a n c e  microwave a b s o r p t i o n  m e th o d s ,  o r  i n f r a - r e d  a b s o r p t i o n  
m e th o d s ,  ( S m i th ,  1971)  b u t  t h e  d i s a d v a n t a g e  i s  t h a t  a  s o r p t i o n  
i s o t h e r m  must  be d e t e r m i n e d  f o r  e a ch  s u b s t a n c e ,
3 .  S o r p t i o n  r a t e  method (L and rock  & P r o c t o r ,  1951)  -  g a i n  o r  l o s s  o f  
w e i g h t  o f  a, number  o f  s am p les  l e f t  f o r  a  g i v e n  t im e  i n  a tm o s p h e r e s  
w i t h  a  r a n g e  o f  h u m i d i t i e s  a r e  m e a s u r e d .  The a ^  can  be c a l c u l a t e d  
by  i n t e r p o l a t i n g  t o  t h e  e . r . h ,  w h ic h  c a u s e s  no w e i g h t  c h a n g e .  .
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4 ,  ï ï y g r o s c o p i c i t y  o f  s a l t s  -  t h i s  i s  a  ro u g h  b u t  q u i c k  m ethod .  A
s e r i e s  o f  c r y s t a l s ,  o r  f i l t e r  p a p e r s  i m p r e g n a t e d  w i t h  s a l t  s o l u t i o n s ,  
a r e  p l a c e d  i n  c l o s e  p r o x i m i t y  t o  s am ples  i n  s e a l e d  c o n t a i n e r s .  I f  
t h e  e . r . h c  o f  t h e  fo o d  i s  l e s s  t h a n  t h e  e , r * h o  o f  t h e  s a t u r a t e d  
s a l t  t h e  p a p e r s  r e m a in  d r y .  I f  t h e  e . r . h .  o f  t h e  fo o d  i s  g r e a t e r  
t h e  p a p e r s  become v e t  (Kvaa le  & D a l h o f f ,  1 9 6 3 ) .
5e H y g r o m é t r i e  i n s t r u m e n t s  -  t h e s e  i n c l u d e  i n s t r u m e n t s  t r a d i t i o n a l l y  
u s e d  f o r  m e a s u r in g  h u m i d i t y ,  such  a s  h a i r  h y g r o m e t e r s ,  v e t  and d r y  
b u l b  t h e r m o m e te r s  and  dev p 'o in t  m e th o d s .  Methods u s i n g  c o n d u c t i v i t y  
o r  r e s i s t i v i t y  o r  c a p a c i t a n c e  o f  s u b s t a n c e s ,  v h i c h  v a r y  a c c o r d i n g  
t o  t h e  h u m i d i t y ,  a p p e a r  t o  be q u i t e  a c c u r a t e  and  a r e  a v a i l a b l e  
c o m m e r c i a l l y .  U n f o r t u n a t e l y  a  i s  n o t  a  s im p le  p a r a m e t e r  t o  
m easu re  and a l t h o u g h  most  methods  u s e  s e c o n d a r y  e f f e c t s ,  a c c u r a t e  
m easu rem en ts  a r e  s t i l l  t im e - c o n s u m i n g  and  c a n  i n v o l v e  e x p e n s i v e  
i n s t r u m e n t s .
2 o i i i ,  C o n t r o l  o f  W ate r  A c t i v i t y
Any i n v e s t i g a t i o n  o f  t h e  e f f e c t s  o f  a ^  r e q u i r e s  a  sy s te m  v h e r e b y
a  c o n s t a n t  knovn a  c a n  be m a i n t a i n e d .  There  a r e  s e v e r a l  m ethods  o fw
a c h i e v i n g  t h i s :
1 , By e q u i l i b r a t i o n  o f  t h e  sample  w i t h  a t m o s p h e r e s  o f  knovn e . r . h . ,
( a )  u s i n g  s o l u t i o n s  s e a l e d  i n  t h e  same c o n t a i n e r  ( e . g .  M a r s h a l l ,  
M u r r e l l  & S c o t t ,  1 9 6 8 ) .  S u l p h u r i c  a c i d  i s  commonly u s e d  and  
s a t u r a t e d  s a l t  s o l u t i o n s  a r e  u s e f u l  s i n c e  l o s s  o r  g a i n  of. sm a l l  
q u a n t i t i e s  o f  w a t e r  have  no e f f e c t  on t h e  e . r . h . ;  (b)  by  m a i n t a i n i n g  
w a t e r  a t  a  c o n s t a n t  t e m p e r a t u r e  i n  one p a r t  o f  t h e  s y s te m ,  w i t h  t h e  
sample  a t  a  d i f f e r e n t  b u t  c o n s t a n t  t e m p e r a t u r e  i n  t h e  o t h e r  p a r t  
( e . g .  M u r r e l l  & S c o t t ,  1 9 6 6 ) .
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2o A sorption isotherm for the medium being studied can be constructed.
To o b t a i n  t h e  d e s i r e d  a ^  t h e  a p p r o p r i a t e  p r o p o r t i o n  o f  w a t e r  i s
added  t o  t h e  medium and  t h e  sy s te m  s e a l e d  t o  p r e v e n t  l o s s  o r  g a i n
o f  w a t e r  ( e . g .  P i t t  & C h r i s t i a n ,  1 9 7 0 ) ,
3 .  A s u i t a b l e  c o n c e n t r a t i o n  o f  s o l u t e  ca n  be i n c o r p o r a t e d  i n t o  t h e
medium and t h e  s y s te m  s e a l e d  a s  b e f o r e  ( e . g .  B u r c i k ,  1950;
S c o t t ,  1 9 53 ) ,  b u t  r e s u l t s  may be a f f e c t e d  by t h e  s o l u t e  a s  w e l l
a s  t h e  a  ( s e e  l a t e r  s e c t i o n ) ,  w
The f i r s t  method r e q u i r e s  a  c o n s i d e r a b l e  t im e  f o r  t h e  sample t o
e q u i l i b r a t e  w i t h  t h e  a t m o s p h e r e ;  t h e  s eco n d  method  r e q u i r e s  a  new
s o r p t i o n  i s o t h e r m  t o  be d e t e r m i n e d  f o r  e ach  medium s t u d i e d ,  w h i l s t
a l l  t h r e e  methods  r e q u i r e  t h e  m a i n t e n a n c e  o f  a  c o n s t a n t  t e m p e r a t u r e  t o
m in i m i s e  e r r o r s  c a u s e d  by  e v a p o r a t i o n  and  c o n d e n s a t i o n  o f  w a t e r .
3 .  - THE EFFECT OF WATER ACTIVITY ON THE GROWTH OF MICRO-ORCAIJISMS
3 . i .  L i m i t s  o f  Growth
T a b l e s  1 , 2  and  3 summarise  m os t  o f  t h e  work wh ich  h a s  be e n
c a r r i e d  o u t  on t h e  l o w e r  l i m i t s  o f  a ^  f o r  g r o w th  o f  m o u ld s ,  y e a s t s ,
and b a c t e r i a .  The r e v i e w  o f  S c o t t  (1957)  i s  s t i l l  t h e  most  c o m p r e h e n s iv e
on t h i s  s u b j e c t ,  and  t h e  T a b l e s  have  b e e n  c o m p i l e d  l a r g e l y  from v a l u e s
c i t e d  i n  t h a t  work,  b e s i d e s  a  few more r e c e n t  p a p e r s  i n c l u d i n g  t h o s e
o f  P i t t  & C h r i s t i a n  (1968)  and  A y e r s t  (1969)  on mou lds  and  M a r s h a l l ,
Ohye & C h r i s t i a n  (1971)  on b a c t e r i a .  The c l a s s i c  work o f  B u r c i k  (1950)
on a  wide v a r i e t y  o f  m i c r o - o r g a n i s m s  i s  p a r t i c u l a r l y  v a l u a b l e  s i n c e  i t
e n a b l e s  some c o m p a r i s o n  ( p a r t i c u l a r l y  w i t h  b a c t e r i a )  o f  l i m i t s  u s i n g
b o t h  e q u i l i b r a t e d  a  * s ( B u r c i k ,  1950)  a nd  a  *s o b t a i n e d  w i t h  s o l u t e sw w
i n  t h e  medium ( B u r c i k  (1950)  and  o t h e r  w o r k e r s , )  R e c e n t l y  K ushne r  (1971)  
r e v i e w e d  t h e  same s u b j e c t  f rom  t h e  p o i n t  of  v i e w  o f  t h e  e f f e c t  o f  
s o l u t e s .
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Organisms  a b l e  t o  grow i n  ex t r e m e  d r y  e n v i r o n m e n t s  ha v e  r e c e i v e d
p r o p o r t i o n a t e l y  more a t t e n t i o n  and  have  b e e n  c a t e g o r i s e d  by  s p e c i a l
t e rm s*  Fung i  g rowing  u n d e r  e x t rem e  c o n d i t i o n s  may be c a l l e d  ' x e r o p h i l i c ’ ,
A
y e a s t s  g row ing  i n  h i g h  s u g a r  s i t u a t i o n s  ’ o s m o p h i l i c  ■ , o r  in,, . h i g h  
NaCl s i t u a t i o n s  e i t h e r  *osmophil ic® o r  ’h a l o p h i l i c ’ , w h i l e  b a c t e r i a  
g row ing  i n  h i g h  sodium c h l o r i d e  s i t u a t i o n s  a r e  t e r m e d  ’h a l o p h i l i c ' .  
Al though,  t h e s e  o r g a n i s m s  c a n  grow a t  a  low a , t h e i r  o p t im a  a r e  g e n e r a l l y  
n e a r  t o  t h o s e  o f  n o n - o s m o p h i l e s  ( p a r t i c u l a r l y  t h e  y e a s t s  -  s e e  s e c t i o n  
on opt imum a ^ J ,  and  t h e  t e r m  *o s m o t o l e r a n t ’ h a s  been  s u g g e s t e d  t o  
i n c l u d e  a l l  t h e s e  g r o u p s ,  ( Ing ram ,  1957;  O n i s h i , 1 9 6 3 ;  Anand & Brown,
1968 ) p a r t i c u l a r l y  t h e  y e a s t s .  The o b l i g a t e  h a l o p h i l e s  which, r e q u i r e  
sodium c h l o r i d e  as  w e l l  a s  low a would be t h e  one e x c e p t i o n .
The most  o s m o t o l e r a n t  m i c r o - o r g a n i s m s  r e c o r d e d  a r e  moulds  -  i n  
p a r t i c u l a r  Xeromyces b i s p o r u s  -  w h ic h  c a n  grow s l o w l y  a t  a ^  a b o u t  
0 , 6 0  ( S c o t t ,  1957 ;  P i t t  &  C h r i s t i a n ,  1 9 6 8 ) ,  and  members o f  t h e  
A s p e r g i l l u s  g l a u c u s  g r o u p ,  which  h a v e  been  shown t o  grow a t  a ^ ’ s 
a s  low a s  0 , 6 4  a f t e r  1 t o  2 y e a r s  (Snow, 1 9 4 9 ) ,  Most  mou lds  ha v e  a  
l i m i t i n g  a  b e tw e e n  a b o u t  0 , 8 0  and  0 , 9 5 .  Y e a s t s  g e n e r a l l y  ha v e  a  
low e r  o s m o t o l e r a n c e  -  be tw een  a b o u t  0 , 8 8  and  0 . 9 5  a  , O s m o t o l e r a n t
vv/vJ
y e a s t s  ha v e  b e e n  shown t o  grow i n  s u c r o s e  w i t h  a   ^ 0 , 8 6 5  (65^  
and  i n  f r u c t o s e  a s  0 ,7 6 5  { 7 0 f o  w h i l e  most  o t h e r  s t r a i n s  c o u l d  n o t
grow be low a ^  0 , 9 1 7  i n  s u c r o s e  (55?^ ^ / V ) ,  Pouncy & Summers (1939)  
s t a t e  t h a t  t h e  l i m i t i n g  a ^  f o r  o s m o t o l e r a n t  y e a s t s  i n  c o n f e c t i o n e r y  
i s  a b o u t  0 . 6 9 ;  and  t h a t  f o r  c o n f e c t i o n e r y  n o t  r i c h  i n  n u t r i e n t s  an 
a ^  o f  a b o u t  0 . 7 5  i s  r e q u i r e d .
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TABLE 2
L i m i t i n g  W ate r  A c t i v i t i e s  and  S o l u t e  C o n c e n t r a t i o n s  f o r  Growth 
o f  Y e a s t s  (From K u s h n e r ,  1971)
S p e c i e s L i m i t i n g R e f e r e n c e
' a w S o l u t e  and Cone e n t r â t i  on
Agar  media  e q u i l i b r a t e d  
a g a i n s t  s a l t  s o l u t i o n s
'
T o r ü i à  . u t i l i s  ( 1 ) * 0 . 9 4 - B u r c i k  (1950)
Saccharom yces  c e r e -  
v i s i a e  (3) 0 .8 9 5
S . r o u x i i  v a r ,  p o l y -  
mo r n h u s  (l  ) 0 . 9 0 2
W i l l i a  anomala  (1) 0 ,8 8 2 —
Endomyces v e r n a l i s  (3) 0 .8 8 2 ■ -
S o l u t e s  added  t o  media
Saccho p a s t o r i
S c h i z o s a c c h a r o m y c e s  
o c t o s p o r u s
( 0 . 9 8 4 ) +
( 0 .9 8 4 )
2 . 9 #  NaCl 
3 . 0 #  NaCl
B a t t l e y  & 
B a r t l e t t  (1966)
H a n s e n u la  s u a v e o l e n s ( 0 . 9 7 0 ) 5 . 3 #  NaCl
.
H, c a n a d e n s i s ( 0 . 9 6 8 ) 5 . 7 #  NaCl
Saccho f r a g i l i s ( 0 . 9 6 3 ) 6 . 3 #  NaCl
S a c c h ,  c e r e v i s i a e ( 0 . 9 4 6 ) 9 . 0 #  NaCl
Saccho m i c r o e l l i p -  
s o i d e s ( 0 .9 4 6 ) 9 . 0 #  NaCl
C and ida  p s e u d o t r o p i c a l i s ( 0 ,9 3 1 ) 1 1 . 3 #  NaCl
Saccho c e r e v i s i a e  )
-V
( 0 .9 4 0 ) 10# (w/v). NaCl O n i s h i  (1957)
( 0 . 9 1 9 ) 5 0 # (w/v) g l u c o s e
Saccho e l l i p s o i d e u s  ) ( 0 .9 3 5 ) 60# (w/v)  s u c r o s e
Saccho r o u x i i ( 0 . 8 6 0 ) 20#(w /v )  NaCl 1
( 0 . 8 5 7 ) ; 90# (w/v) s u c r o s e
( 0 .8 4 5 ) 80# (w/v)  g l u c o s e  
1
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TABLE 3
E f f e c t  o f  a  on Growth o f  B a c t e r i a
------------------------------------------------  V ° "  — --------------— ---------------------  —
S p e c i e s L i m i t i n g  a ^ L i m i t i n g  s o l u t e R e f e r e n c e
B a c i l l u s  c e r e u s  v a r .  
m yco ides  ( 3 )* 0 . 9 9 A a
(2) 0 . 9 7 - 0 . 9 9 A a
V i b r i o  m e t c h n i k o v i i 0 . 9 6 - 0 . 9 9 5 NaCl S c o t t  (1953)
0 . 9 5 NaCl b
0 . 9 7 G l y c e r o l b
B a c i l l u s  polymyxa (2) 0 .9 8 3 A a
S a l m o n e l l a  (16 s p p . ) 0 .945 V a r i o u s  s a l t s C h r i s t i a n  &
Salm, n e w p o r t  and 0 .9 5
s u c r o s e ,  e t c .  
G l y c e r o l
S c o t t  (1953)  
b
* o r a n i e n b u r g 0 .9 3 5 NaCl
Salm,  typh im uriu ra 0 . 9 2 A C la y s o n  & Blood
B a c i l l u s  polymyxa 0 .9 8 3 A
(1957)
a
Pseudomonas a e r u g i n o s a 0 .9 8 3 A a
P s ,  a e r u g i n o s a  (3) 0 .9 4 5 A a
P s .  f l u o r e s c e n s 0 . 9 7 NaCl,KCl o r Limsong &
g l u c o s e F r a z i e r  (1966)
0 . 9 7 NaCl b
0 . 9 5 G l y c e r o l b
Rhizob ium s p ,  (3) 0 . 9 6 2 - 0 . 9 8 0 A a
Azotomonas i n s o l i t a 0 .9 6 8 A a
A z o b a c t e r iu m 0 .9 5 8 A a
t u m c f a c i o n s  (3)
P r o t e u s  v u l g a r i s  (3) 0 . 9 4 0 - 0 . 9 5 8 A a
A e r o b a c t e r  a e r o g n n e s 0 . 9 4 V a r i o u s  s o l u t e s C h r i s t i a n  &
n 0 .9 4 3 A
S c o t t  (1953) 
a
E s c h e r i c h i a  c o l i  (3) 0 .9 3 2 A a
0 .9 5 NaCl b
M 0 .9 3 5 G l y c e r o l b
S e r r a t i a  m a r c e s c e n s 0 ,9 4 3 A à
C l o s t r i d i u m  b o t u l i n u m 0 .9 4 5 NaCl b
t y p e  A . 0 . 9 3 G l y c e r o l b ^
B a c i l l u s  sub t i l l s 0 .9 4 9 A a
0 . 9 0 NaCl b
0 . 9 3 G l y c e r o l b
L a c t o b a c i l l u s  v i r i d e s c e n s 0 .9 4 5 KCl Wodzinsk i  &
F r a z i e r  (1961b)
B a c i l l u s  m ega te r ium 0 .9 4 5 NaCl b
tr 0 . 9 2 G l y c e r o l b
> tycobac te r ium  s i l i c i u m 0 .9 3 9 A a
M i c r o b a c t e r i u m  s p .  (3) 0 . 9 4 NaCl B r o w n l i e  (1966)
M i c f o b a c t e r i u m  s p ,  (3) 0 . 9 4 NaCl
M ic r o c o c c u s  l y s o d e i k t i c u s 0 . 9 3 NaCl o r  g l y c e r o l b
S a r c i n a  sp .  (5) 0 . 9 1 6 - 0 . 9 2 9 A a
It 0 ,9 2 NaCl o r  g l y c e r o l b
B a c i l l u s  c e r e u s  (2) 0 . 9 8 NaCl b
It 0 .9 2 G l y c e r o l  ' b
C o n t ’d ,  o v e r -  29 - I
1
jb. s p h a e r i c u s 0 .9 2 5 NaCl b
II 0 .9 2 G l y c e r o l b
M ic r o c o c c u s  r o s e u s  (3) 0 .9 0 5 A b
M ic r o c o c c u s  s p .  (3) 0 . 8 3 NaCl b
0 , 9 2 G l y c e r o l b
S t a p h y l o c o c c u s  a l b u s 0 .8 8 5 NaCl. b
0 . 9 0 G l y c e r o l b
S t a p h ,  a u r e u s 0 . 8 6 A C la y s o n  & , 
B lood  (1957)
(14) 0 . 8 6 - 0 . 8 8 V a r i o u s  s o l u t e s S c o t t  (1957)
0 . 8 6 NaCl b
M o d e ra t e  h a l o p h i l e s :
0 . 8 9 G l y c e r o l b
V i b r i o  c o s t i c o l u s 0 . 8 6 - 0 . 9 8 NaCl Kushner  (1971)
M ic r o b a c t e r i u m
h a l o d e n i t r i f i c a n s
0 . 8 6 - 0 . 9 8 NaCl Kushner  (1971)
Ext reme h a l o p h i l e s 0 . 7 , 0 . 8 8 NaCl Kushner  (1971)
'B a c t e r iu m * 0 .1 2 0 S a t u r a t e d  L iC l S i e g e l  & 
R o b e r t s  (1966)
a  B u r c i k ,  (1950)
b M a r s h a l l ,  Ohye & C h r i s t i a n  ( 1 9 7 1 ) .
A a ^  c o n t r o l l e d  by  e q u i l i b r a t i o n  w i t h  s a l t  s o l u t i o n s ,
* P a r e n t h e s e s  show number o f  s t r a i n s  t e s t e d .
- 30 -
B a c t e r i a  seem g e n e r a l l y  t o  be l e s s  o s m o t o l e r a n t  t h a n  e i t h e r  y e a s t s  
o r  m o u ld s .  Food p o i s o n i n g  o r g a n i s m s  such  a s  c l o s t r i d i a  and s a l m o n e l l a e  
r e q u i r e  a  r e l a t i v e l y  h i g h  a ^  t o  grow (> 0 .9 4 )  and  most  o t h e r  g r o u p s  
have  s i m i l a r  r e q u i r e m e n t s .  ' E x c e p t i o n s  t o  t h i s  a r e  t h e  M ic r o c o c c a c e a e  -  
S t a p h ,  a u r e u s  h a s  b e e n  shown t o  grow a t  an  a^ o f  0 . 8 6  ( C l a y s o n  & B lood ,  
1957;  S c o t t ,  1957;  M a r s h a l l  e t  a l . , 1 9 7 1 ) ,  However ,  i t  seems t h a t  
S t a p h ,  a u r e u s  e n t e r o t o x i n  p r o d u c t i o n  may be i n h i b i t e d  a t  much h i g h e r  
a ^ * s  t h a n  g r o w th  -  T r o l l e r  (1971)  showed t h a t  e n t e r o t o x i n  B l e v e l s  
i n  c u l t u r e  grown be low a_^  0 . 9 7  were  e x t r e m e l y  low,  b u t  e n t e r o t o x i n  A 
p r o d u c t i o n  was r e d u c e d  t o  a  much l e s s e r  e x t e n t  ( T r o l l e r ,  1 9 7 2 ) .  Wood 
& Payne ( p e r s o n a l  comm unica t io n )  fo u n d  t h a t  e n t e r o t o x i n  A p r o d u c t i o n  
a t  r e d u c e d  a ^  v a r i e d  g r e a t l y  be tw e en  s t r a i n s  and  was a l s o  a f f e c t e d
by t h e  s o l u t e s  u s e d  t o  c o n t r o l  a  .w .  ^ 1
The s o - c a l l e d  h a l o p h i l i c  b a c t e r i a  f a l l  i n t o  a  s p e c i a l  c a t e g o r y  
and have  be e n  shown t o  grow i n  s a t u r a t e d  NaCl ( c ,  0 . 7 5  a^)  ( In g r a m ,
1 9 5 7 ) ;  b u t  w i l l  n o t  be c o n s i d e r e d  i n  d e t a i l  s i n c e  t h e y  ha v e  b e e n  r e c e n t l y  
r e v i e w e d  by  Brown ( 1 9 6 6 ) ,  MacLeod ( 1 9 6 8 ) ,  L a r s e n  (1962;  1967)  and 
Kushner  ( 1 9 6 8 ) .  The e f f e c t  o f  a ^  on t h e  g r o w th  o f  m i c r o - o r g a n i s m s  
n o r m a l l y  g r ow ing  a t  h i g h  a ^ ,  and  o s r a c p h i l i c  y e a s t s  w i l l  be c o n s i d e r e d  
i n  more d e t a i l .
3 . Ü .  INTERMEDIATE MOISTURE FOODS
Foods which  have  an a^  ^ i n t e r m e d i a t e  b e tw e en  t h a t  o f  d r y  f o o d s
( s u c h  a s  f l o u r )  and  p e r i s h a b l e  f o o d s  ( f r e s h  m e a t ,  f r u i t ,  v e t e t a b l e s  e t c . )
a r e  somet im es  r e f e r r e d  t o  a s  i n t e r m e d i a t e  m o i s t u r e  f o o d s .  The a  v a l u ew
(0*7 -  0 . 9 )  o f  t h e s e  f o o d s  i s  such  t h a t  b a c t e r i a  a r e  g e n e r a l l y  u n a b l e  
t o  grow.  Mould and  y e a s t ,  groiv th  i s  o f t e n  d i s c o u r a g e d  by t h e  a d d i t i o n  
o f  p r e s e r v a t i v e s  su c h  a s  s u l p h i t e  o r  o r  by  p a s t e u r i z a t i o n  o r
low t e m p e r a t u r e  s t o r a g e .  T r a d i t i o n a l  f o o d s  such  a s  j am s ,  some t y p e s  
o f  s a u s a g e  and d r y  f r u i t s  f a l l  i n t o  t h i s  c a t e g o r y .  R e c e n t l y  new i n t e r -
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m e d i a t e  m o i s t u r e  p r o d u c t s  have  b e e n  d e v e lo p e d #  These n o r m a l l y  c o n t a i n  
h i g h  c o n c e n t r a t i o n s  o f  s o l u t e s  such  a s  g l y c e r o l ,  s u c r o s e ,  g l u c o s e  o r  
s a l t  i n  c o n j u n c t i o n  w i t h  a n t i m y c o t i c  a g e n t s  such  as  p r o p y l e n e  g l y c o l  
and  s o r b i c  a c i d .  Dog f o o d  p r e s e r v e d  i n  t h i s  manner  h a s  p r o v e d  s u c c e s s f u l ,  
b u t  t h e  h i g h  s o l u t e  c o n c e n t r a t i o n s  n e c e s s a r y  have  made t h e  m e a t - c o n t a i n i n g  
p r o d u c t s  l e s s  p o p u l a r  w i t h  humans.  The main  a d v a n t a g e  o f  t h i s  t y p e  o f  
fo o d  i s  t h a t  i t  can be  consumed w i t h o u t  f u r t h e r  t r e a t m e n t  -  i . e .  i t  
d o e s  n o t  have  t o  be r e h y d r a t e d .  An a l t e r n a t i v e  method o f  p r e p a r i n g  
i n t e r m e d i a t e  m o i s t u r e  f o o d s  i s  by d e h y d r a t i o n  ( e . g .  f r e e z e - d r y i n g  o r  
o s m o t i c  d r y i n g  t o  t h e  r e q u i r e d  w a t e r  c o n t e n t )  o r  p a r t i a l  r e h y d r a t i o n  o f  
a  p r e v i o u s l y  d r i e d  p r o d u c t .  T h i s  method  would e l i m i n a t e  t h e  n e e d  t o  
add  h i g h  c o n c e n t r a t i o n s  of  s o l u t e s .  T h i s  s u b j e c t  h a s  b e e n  compre­
h e n s i v e l y  r e v i e w e d  by K a r e l  ( 1 9 7 3 ) .
3 .  i i i .  OPTIMUM WATER ACTIVITY
Most  b a c t e r i a  grow f a s t e r  a t  h i g h  a ^  ( 0 . 9 9  o r  0 . 9 9 5 )  i n d e p e n d e n t  
o f  t h e  c o n t r o l l i n g  s o l u t e  ( e . g .  s a l m o n e l l a e ,  Ohye à  C h r i s t i a n ,  1966;  
m i c r o b a c t e r i a ,  B row n ie ,  1966;  s t a p h y l o c o c c i ,  S c o t t ,  1953;  c l o s t r i d i a ,
Ohye & C h r i s t i a n ,  1 9 6 6 ) .  Anand & Brown (1968)  u s i n g  p o l y e t h y l e n e  
g l y c o l  t o  r e g u l a t e  a ^ ,  f o u n d  t h a t  most  o s m o t o l e r a n t  y e a s t s  and  a l l  t h e  
n o n - o s m o t o l e r a n t  y e a s t s  g rew  a t  maximum r a t e  a t  0 . 9 9 7  a ^ ,  a l t h o u g h  
two o s m o t o l e r a n t  s t r a i n s  g rew  o n l y  a t  lower  a ^ / s .  The o s m o t o l e r a n t  
s t r a i n s  grew more s l o w l y  t h a n  t h e  n o n - o s m o t o l e r a n t  s t r a i n s  a t  h i g h  
a  b u t  had  much b r o a d e r  o p t i m a .  A y e r s t  ( 1 9 6 9 ) , i n  a  d e t a i l e d  s t u d y  o f  
e f f e c t s  o f  a ^  and  t e m p e r a t u r e  on s p o r e  g e r m i n a t i o n  and r a t e  o f  g ro w th  
o f  f u n g i  i s o l a t e d  f rom  d r y  s i t u a t i o n s ,  fo u n d  t h a t  most  s p e c i e s  had 
o p t i m a l  a ^ *s  n e a r  1 . 0 0 ,  b u t  some s t r a i n s  o f  t h e  A. g l a u c u h  g r o u p  had
an  opt imum a t  a  0 . 9 3 .w
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Below t h e  opt imum a g ro w th  r a t e  f a l l s  a s  t h e  a  i s  r e d u c e d ,w w
W ith  mould s p o r e s ,  t im e  t a k e n  t o  g e r m i n a t e  a l s o  i n c r e a s e s  a s  a ^  i s  
r e d u c e d  ( A y e r s t ,  1 9 6 9 ) .  Growth s t u d i e s  a t  low a  ^ ' s n e e d  t o  be c o n t i n u e d  
a s  l o n g  a s  p o s s i b l e  t o  a l l o w  f o r  t h i s  e f f e c t .
The mould Xeromyces b i s p o r u s  h a s  b e e n  shown t o  r e q u i r e  a  r e d u c e d  
a ^ ;  i t s  optimum a ^  i s  a b o u t  0 . 9 0  and  growbh i s  n e g l i g i b l e  above  a b o u t
0 . 9 5  ( S c o t t ,  1957)0  Ao a m s te lo d a m i  h a s  an  otpimum a ^  o f  a b o u t  0 , 9 6  
and w i l l  n o t  grow above  a ^  0 . 9 9  ( S c o t t ,  1 9 5 7 ) .  Sporendonema s e b i  a l s o  
h a s  an  a b s o l u t e  r e q u i r e m e n t  f o r  r e d u c e d  a^^. A p a r t  f rom  some h a l o p h i l i c  
b a c t e r i a  (which  r e q u i r e  NaCl o r  KCl) and  i h e s e  t h r e e  m o u lds ,  v e r y  few 
o r g a n i s m s  seem t o  have  an  a b s o l u t e  r e q u i r e m e n t  f o r  low a ^ .  O n i s h i  ( i 9 6 0 )  
i s o l a t e d  a  y e a s t  which  he s t a t e d  t o  be o b l i g a t e l y  h a l o p h i l i c ;  Anand & Brown 
(1963)  fo u n d  two y e a s t s  which would  grow o n l y  a t  a ^ / s  be low 0 .9 9 7  
a t  3 0 ° ;  and  Lochhead  & Heron (1929)  and S c a r r  (1954)  b o t h  r e p o r t e d  
o b l i g a t e l y  o s m o p h i l i c  s t r a i n s  o f  y e a s t s .
R e s u l t s  may have  be e n  c o n f u s e d  by t h e  f a c t  t h a t  some o s m o p h i l i c  
y e a s t s  c a n n o t  grow a t  h i g h  a ^  a t  e l e v a t e d  t e m p e r a t u r e s .
3 .  i v .  THE EFFECT OF GROWTH CONDITIONS ON LIMITING WATER ACTIVITY
The r e s u l t s  o f  many s t u d i e s  ha v e  showm t h a t  maximum t o l e r a n c e  o f
a ^  n o r m a l l y  o c c u r s  when o t h e r  c o n d i t i o n s  ( t e m p e r a t u r e  and  pH) a r e
o p t i m a l  ( e . g .  W odz in sk i  & F r a z i e r ,  I 9 6 0 ,  1961 a  & b ;  B r o w n l i e ,  1966;
Ohye & C h r i s t i a n  1966;  Ohye, C h r i s t i a n  & S c o t t ,  1 9 6 6 ) .  O th e r  g r o w t h -
. • - 
l i m i t i n g  f a c t o r s  a r e  a l s o  more e f f e c t i v e  a t  low a ^  ( S c o t t ,  1 9 5 7 ) .
There  i s  some e v id e n c e  t h a t  y e a s t s  and moulds a r e  a b l e  t o  grow 
a t  h i g h e r  t e m p e r a t u r e s  i n  m ed ia  o f  low O n i s h i  (1959)  showed t h a t
Saccharomyces  r o u x i i  can grow a t  40°  o n l y  when 3 - 4 #  s a l t  o r  more t h a n  
40# s u g a r s  a r e  p r e s e n t .  T h i s  h i g h  h e a t  t o l e r a n c e  seemed t o  depend 
o n ^ p r e s e n c e  o f  u t i l i z a b l e  s u b s t r a t e s  t o  m a i n t a i n  a c t i v e  m e t a b o l i s m .
Ingram (1956)  s t a t e d  t h a t  t h e  optimum t e m p e r a t u r e  f o r  g ro w th  o f
o s m o p h i l i c  y e a s t s  i n  c o n c e n t r a t e d  orange j u i c e  was i n c r e a s e d  a t  r e d u c e d  a ^ .
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S i m i l a r  r e s u l t s  were o b t a i n e d  d u r i n g  a s t u d y  o f  o s m o p h i l i c  y e a s t s  
( m o s t ly  T o r u l o n s i s ) by S c a r r  & Rose ( 1 9 6 6 ) ,  One s p e c i e s  grew a t  
27°C w i t h o u t  s u c r o s e ,  b u t  o n l y  i n  i t s  p r e s e n c e  a t  37°C.  A y e r s t
( 1969 ) n o t e d  t h a t  w i t h  some mould s p e c i e s  b o t h  optimum and  maximum 
growth  t e m p e r a t u r e s  were i n c r e a s e d  a t  r e d u c e d  a ^ .
3.  V . THE EFFECT OF SOLUTES ON LIMITING WATER ACTIVITY
Many w o r k e r s  have found  t h a t  t h e  s o l u t e  u s e d  t o  r e g u l a t e  a^  i n  
a medium h a s  l i t t l e  e f f e c t  on t h e  l i m i t i n g  v a l u e  -  e . g .  S c o t t  (1953)
/
s t u d y i n g  growth  o f  S t a p h ,  a u r e u s  i n  media  w i t h  m i x t u r e s  o f  s a l t s ,  
s a l t / s u g a r  m i x t u r e s  and s u c r o s e  a l o n e .  However ,  t h e r e  i s  e v id e n c e  
t h a t  i n  some s i t u a t i o n s  t h e  s o l u t e  u s e d  can  have a marked e f f e c t .
Growth r a t e s  o f  A. a m s te lo d a m i  were  g r e a t e r  i n  s u c r o s e  and  g l u c o s e  
t h a n  i n  magnesium c h l o r i d e ,  sod ium c h l o r i d e  o r  g l y c e r o l  a t  t h e  same 
( S c o t t ,  1 9 5 7 ) .  O n i s h i  (1957)  found  t h a t  o s m o t o l e r a n t  y e a s t s ,  
p a r t i c u l a r l y  t h o s e  i s o l a t e d  from h i g h - s u g a r  s o u r c e s ,  c o u ld  grow a t  
l ow er  a^ when s u c r o s e  o r  g l u c o s e  were u s e d  as  r e g u l a t o r s  t h a n  w i t h  
sodium c h l o r i d e .
S i m i l a r l y ,  Anand & Brown (1968)  found  t h a t  y e a s t s  were more 
t o l e r a n t  o f  low a^  i n  t h e  p r e s e n c e  o f  s u g a r s  t h a n  i n  p o l y e t h y l e n e  
g l y c o l  ( a v e r a g e  m o l e c u l a r  w e i g h t  2 0 0 ) .  Kang e t  a l . (1969)  found  t h a t  
g l y c e r o l  a l l o w e d  g e r m i n a t i o n  and g ro w th  o f  C l .  w e l c h i i  s p o r e s  a t  low er  
t h a n  s u c r o s e  o r  NaCl,  w h i l e  w i t h  t h e  same o r g a n i s m s .  S t r o n g ,  F o s t e r  
& Duncan ( l 9 7 0 )  found  t h a t  NaCl and KCl gave h i g h e r  a^  l i m i t s  t h a n  
g l u c o s e .  An e x t e n s i v e  s t u d y  by  M a r s h a l l  e t  a l . (1971)  o f  a l a r g e  
v a r i e t y  o f  b a c t e r i a  showed t h a t  a t  s i m i l a r  a^  ^ l e v e l s ,  g l y c e r o l  was more 
i n h i b i t o r y  t h a n  sodium c h l o r i d e  t o  r e l a t i v e l y  s a l t - t o l e r a n t  b a c t e r i a  
( e . g .  M i c r o c o c c a c e a e  and V i b r i o  m e t c h n i c k o v i i ) ,  b u t  l e s s  i n h i b i t o r y  t h a n  
sodium c h l o r i d e  t o  s a l t - s e n s i t i v e  s p e c i e s  ( e . g .  most  s p o r e  f o r m e r s ,  E n t e r o -  
b a c t e r i a c e a e  and P s . f l u o r e s c e n s ) .  A r e c e n t  s t u d y  by P l i t m a n  e t  a ï . (1973)
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h a s  shown t h a t  a d d i t i o n  o f  p r o p y l e n e  and b u t y l e n e  g l y c o l  t o  i n t e r m e d i a t e  
m o i s t u r e  f oods  d e c r e a s e s  t h e  a ^  t o l e r a n c e  o f  S t a p h ,  a u r e u s . The method 
o f  p r e p a r a t i o n  of  a s u b s t r a t e  h a s  a l s o  be e n  shown to. a f f e c t  t h e  minimum 
a^  g rowth  l e v e l .  Samples  p r e p a r e d  by d e s o r p t i o n  of  h y d r a t e d  s u b s t r a t e  
a l l o w e d  growth  a t  a l o w e r  a ^  t h a n  t h o s e  p r e p a r e d  by p a r t i a l  r e h y d r a t i o n  
o f  f r e e z e - d r i e d  s u b s t r a t e  (Labuza ,  C a s s i l  & S i n s k e y ,  1972;  P l i t m a n  e t  
, 1973)  .
3 .  v i .  THE EFFECT OF WATER ACTIVITY ON PHYSIOLOGY 
R e s p i r a t i o n
C h r i s t i a n  ( l 9 5 5 a )  fo u n d  t h a t  r e s p i r a t i o n  of Salm.  o r a n i e n b e r g  was
- i n h i b i t e d  as  a l i n e a r  f u n c t i o n  o f  a f rom a 0 .9 9 2  t o  0 . 9 6  ( t h e  minimum
W ' W
a^  f o r  g ro w th )  u s i n g  sodium c h l o r i d e ,  p d a s s iu m  c h l o r i d e ,  o r  g l u c o s e  as  
a  c o n t r o l l i n g  a g e n t ,  b u t  g l y c e r o l  c a u s e d  no r e s p i r a t o r y  i n h i b i t i o n  w i t h i n  
t h e s e  v a l u e s .
M o r p h o l o g i c a l  changes
, Vavrova  ( l 9 7 l )  o b s e r v e d  d i s a p p e a r a n c e  o f  mesosomes and a b n o r m a l i t i e s  
i n  c e l l  w a l l s  o f  B. m eg a te r iu m  grown i n  p h o s p h a te  c o n t a i n i n g  medium. 
B a c t e r i a l  s p o r e  g e r m i n a t i o n
S e n s i t i v i t y  t o  a^  i n c r e a s e s  t h r o u g h  t h e  s e quenc e  s p o r e  g e r m i n a t i o n ,  
o u t - g r o w t h  and v e g e t a t i v e  g row th  ( e . g .  W i l l i a m s  & P u r n e l l ,  1953;  B a i r d -  
P a r k e r  & Freame,  1967;  K u shne r ,  1 9 7 1 ) .  The l a t t e r  w o r k e r s  found  t h a t
01 .  b o t u l i n u m  would g e r m i n a t e  a t  a 0 . 9 3  i n  NaCl b u t  t h a t  v e g e t a t i v e------------- :---------- -V7
c e l l  g row th  was i n h i b i t e d  b e tw een  a 0 . 9 6  -  0 . 9 8 .w
N u t r i t i o n a l  r e q u i r e m e n t s  f o r  g rowth  a t  low a ^ ,
There  i s  some e v i d e n c e  t h a t  more complex media  a l l o w  b a c t e r i a l  and 
mould g row th  a t  low a ^ ,  b u t  once a minimum n u t r i t i o n a l  r e q u i r e m e n t  has  
been  s a t i s f i e d  t h e  g rowth  r a t e  a t  a p a r t i c u l a r  a ^ ,  and t h e  low e r  l i m i t  
of. a ^  f o r  growth  r em a in  c o n s t a n t  (Snow, C r i c h t o n  & W r i g h t ,  1944;
C h r i s t i a n  & S c o t t ,  1953 ; S c o t t ,  1953;  S c o t t ,  1 9 57 ) .  P r o l i n e  i n
35 -
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p a r t i c u l a r  seems t o  be i m p o r t a n t  f o r  g row th  a t  low a . I t  was foundw
t o  be s t i m u l a t o r y  f o r  g ro w th  i n  m in imal  media  a t  low a^  b o t h  f o r  S a lm .
o r a n i e n b u r g  ( C h r i s t i a n ,  1955a)  and f o r  a h a l o p h i l i c  mould,  Sporendonema
epizooum (Ormerod, 1 9 6 7 ) .  I n  a d d i t i o n ,  C h r i s t i a n  & Waltho (1966)  found
t h a t  p r o l i n e  s t i m u l a t e d  r e s p i r a t i o n  o f  Salm.  o r a n i e n b u r g  a t  low a ^ ,  b u t
o n l y  a f t e r  o sm o t i c  s h o c k .  They o b t a i n e d  s i m i l a r  r e s u l t s  w i t h  o t h e r
o r g a n i s m s  b u t  d i d  n o t  d e t e r m i n e  t h e  s p e c i f i c i t y  o f  t h e  p r o l i n e  e f f e c t .
I n t e r n a l  o s m o t i c  p r e s s u r e  /
+
T h e re  i s  e v id e n c e  o f  h i g h e r  c o n c e n t r a t i o n s '  o f  K i o n s  i n  b a c t e r i a  
growing  i n  h i g h  NaCl c o n c e n t r a t i o n s  ( C h r i s t i a n  & W al tho ,  1961;  Tempest  
& M eers ,  1968)  and h a l o p h i l i c  b a c t e r i a  have  a h i g h  i n t r a c e l l u l a r  c o n -
-j- -f- —
c e n t r a t i o n  o f  Na and K i n  a s s o c i a t i o n  w i t h  Cl  o r  amino a c i d s  
( C h r i s t i a n  & V a l t h o , 1 9 6 2 ) .  There  i s  a l s o  e v id e n c e  t h a t  h i g h e r  con­
c e n t r a t i o n s  o f  f r e e  amino a c i d s  ( p a r t i c u l a r l y  g l u t a m a t e )  o c c u r  i n  
G r a m - n e g a t i v e  b a c t e r i a  i n  media  c o n t a i n i n g  sodium c h l o r i d e  (Tempes t ,
Meers & Brown,  1970)  and  h i g h e r  r a t e s  o f  amino a c i d  and n u c l e i c  a c i d  
b a s e  i n c o r p o r a t i o n  o c c u r s  i n  B. m e g a te r iu m  i n  h i g h  p h o s p h a t e  c o n c e n t r a ­
t i o n s  (Vavrova ,  1 9 7 1 ) .  However  c o n c e n t r a t i o n s  o f  i n t e r n a l  amino a c i d s  
r e m a in  unc ha nged  i n  c u l t u r e s  o f  S a c c h .  c e r e v i s i a e  i n  sodium c h l o r i d e  
s o l u t i o n s ,  (Tempest  e t  a l . ,  1 9 7 0 ) .
Brown & Simpson (1972)  o b s e r v e d  a c c u m u l a t i o n  o f  p o l y o l s ,  p a r t i c u l a r l y  
a r a b i t o l  i n  o s m o p h i l i c  y e a s t s ,  b u t  s u g g e s t e d  t h a t  t h e  f u n c t i o n  was n o t  
p r i m a r i l y  o s m o t i c  s i n c e  t h e  a c c u m u l a t i o n  o c c u r r e d  a t  h i g h  and t h e r e  
was e v i d e n c e  o f  i n t r a c e l l u l a r  b i n d i n g  o f  t h e  p o l y o l s .
In  v iew  of  t h e  s t i m u l a t o r y  e f f e c t  o f  p r o l i n e  on t h e  g row th  o f  
v a r i o u s  o r g a n i s m s  a t  low a i n  m in im a l  media  ( s e e  a bove )  i t  i s  i n t e r e s t -
W '
i n g  t h a t  i n c r e a s e s  o f  f r e e  p r o l i n e  c o n c e n t r a t i o n  have  r e c e n t l y  been  
o b s e r v e d  i n  a  v a r i e t y  o f  a e r o b i c  and f a c u l t a t i v e l y  a n a e r o b i c  b a c t e r i a  grown 
a t  low a.^ (Dr.  J .  M e a s u r e s ,  p e r s o n a l  c o m m u n ic a t io n ) .  B e s i d e s  d e m o n s t r a t i n g
36 -
h i g h e r  l e v e l s  o f  f r e e  amino acicis  i n  E. eol . i  grown i n  h i g h  s u c r o s e -  
c o n t a i n i n g  m ed ia ,  Munro e t  a l . , (1972)  showed t h a t  p u t r e s c i n e  was 
e x c r e t e d  when c e l l s  were p l a c e d  i n  e i t h e r  h i g h  NaCl o r  h i g h  s u c r o s e -
c o n t a i n i n g  m ed ia ,  b u t  n o t  i n  g l y c e r o l - c o n t a i n i n g  m ed ia .  They s u g g e s t
2+ + t h a t  p u t r e s c i n e  e x c r e t i o n  b a l a n c e s  t h e  u p t a k e  o f  K i o n s ,  r e s u l t i n g
i n  i n c r e a s e  o f  i n t e r n a l  o s m o t i c  p r e s s u r e .  E x p e r im e n t s  t o  d e t e r m i n e
t h e  d e p r e s s i o n  o f  f r e e z i n g  p o i n t  i n d i c a t e  t h a t  o sm ot ic  p r e s s u r e s  o f
o rg an i s m s  g rowing  i n  h i g h  o sm o t i c  p r e s s u r e  media  may be s i m i l a r  t o  t h o s e
o f  t h e  media  ( C h r i s t i a n  & Ingram, 1 9 5 9 ) .
E f f e c t  on m e t a b o l i c  p r o d u c t s
High c o n c e n t r a t i o n s  o f  sodium c h l o r i d e  have been  shown t o  a l t e r
t h e  f e r m e n t a t i o n  pa thway o f  many o s m o t o l e r a n t  y e a s t s ,  r e s u l t i n g  i n
h i g h e r  p r o p o r t i o n s  o f  p o l y o l s  ( O n i s h i ,  1 9 6 3 ) .  Suga r  and p o l y o l s  have
be e n  shown t o  have s i m i l a r  e f f e c t s  w i t h  S a c c h .  c e r e v i s i a e  ( S p o e r l  &
D oy le ,  1 9 6 8 ) .
4 .  THE EFFECT OF DRYING ON MICRO-ORGANISMS 
4 . 1 .  F r e e z e - d r y i n g
B ecause  o f  i t s  im p o r t a n c e  a s  a method o f  p r e s e r v i n g  m i c r o - o r g a n i s m s ,  
many s t u d i e s  have be e n  c a r r i e d  o u t  t o  d e t e r m i n e  t h e  o p t i m a l  c o n d i t i o n s  
f o r  f r e e z e  d r y i n g ,  i . e . t h o s e  which  c a u s e  t h e  l e a s t  l o s s  o f  v i a b i l i t y  
d u r i n g  b o t h  t h e  i n i t i a l  d r y i n g  p r o c e s s  and s u b s e q u e n t  s t o r a g e .  Many 
c o n d i t i o n s  ca n  be v a r i e d  d u r i n g  and a f t e r  d r y i n g  -  t e m p e r a t u r e ,  r a t e  o f  
d r y i n g ,  s u s p e n d i n g  medium, age o f  o r g a n i s m ,  ga s eo u s  a t m o s p h e r e ,  e t c . ,  
and a l m o s t  e v e r y  s t u d y  h a s  l o o k e d  a t  a d i f f e r e n t  o rg an i s m  o r  f a c t o r  i n  
r e l a t i o n  t o  t h e  o t h e r s .  I t  i s  d i f f i c u l t  t h e r e f o r e  t o  g e n e r a l i z e .  
However ,  an  i n i t i a l  f a l l  i n  v i a b i l i t y  u s u a l l y  o c c u r s  d u r i n g  t h e  a c t u a l  
d r y i n g  p r o c e s s ,  f o l l o w e d  by a  more g r a d u a l  l o s s  d u r i n g  s t o r a g e .
The most  r e s i s t a n t  o rg an i sm s  a r e  t h e  G r a m - p o s i t i v e  c o c c i  and 
a e r o b i c  s p o r e  f o r m e r s ;  s a l m o n e l l a e ,  s h i g e l l a e ,  b r u c e l l a ,  p a s t e u r e l l a ,
■ _  37  -
m y c o b a c t e r i a ,  s e r r a t i a  and l a c t o b a c i l l i  a r e  m o d e r a t e l y  r e s i s t a n t ;  
w h i l s t  n e i s s e r i a ,  v i b r i o ,  l e p t o s p i r a ,  r i c k e t t s i a e  and v i r u s e s  a r e  more 
s e n s i t i v e .  Y e a s t s  v a r y  w i d e l y  i n  t h e i r  r e s i s t a n c e  ( H e c k l y ,■1961)  b u t  
many moulds have be e n  p r e s e r v e d  by t h i s  method ( P r i c e ,  1 9 70 ) ,  a l t h o u g h  
some n o n - s p o r i n g  c u l t u r e s  do n o t  f r e e z e - d r y  s u c c e s s f u l l y  (Haynes,
Vickerham & H e s s e l t i n e ,  1955 ) .
P r o t e i n a c e o u s  s u b s t a n c e s  and c a r b o h y d r a t e s ,  i n  t h e  s u s p e n d i n g  
medium, i n  p a r t i c u l a r  p e p t o n e s ,  skimmed m i l k  o r  b l o o d  serum i n  com­
b i n a t i o n  w i t h  g l u c o s e ,  l a c t o s e  o r  s u c r o s e ,  have been  shown t o  be 
p r o t e c t i v e  (Fry  & G r e a v e s ,  1 9 51 ) .  A n t i o x i d a n t s ,  p a r t i c u l a r l y  a s c o r b i c  
a c i d  and  t h i o u r e a  have a p ronounce d  e f f e c t  when oxygen i s  p r e s e n t  (N ay lo r  
& S m i th ,  1946;  Lyon & Bergmann,  1961b) .
The e f f e c t s  o f  p h y s i c a l  f a c t o r s  d u r i n g  f r e e z e - d r y i n g  and s t o r a g e  
a r e  d i f f i c u l t  t o  p r e d i c t .  For  i n s t a n c e ,  t h e r e  i s  c o n f l i c t i n g  e v i d e n c e  
a b o u t  t h e  optimum r a t e  o f  f r e e z i n g  or  d r y i n g  and t h e  optimum t e m p e r a t u r e  
o f  d r y i n g  -  i t  seems t o  depend  on t h e  o r g a n i s m  and s u s p e n d i n g  medium 
(H eck ly ,  1 9 6 1 ) .  The e f f e c t  o f  t h e  r e s i d u a l  m o i s t u r e  d u r i n g  s t o r a g e  
o f  f r e e z e - d r i e d  c u l t u r e s  depends  on t h e  p r o t e c t i v e  s u b s t a n c e s  p r e s e n t  
and t h e  g a s e o u s  a tm o s p h e re  ( S c o t t ,  1 9 5 8 ) .  S u r v i v a l  d u r i n g  s t o r a g e  i s  
g e n e r a l l y  b e t t e r  a t  lower t e m p e r a t u r e s  (O -  4 ° C ) ( H e c k l y ,  1961 ) .
The method o f  r e c o n s t i t u t i o n  o f  f r e e z e - d r i e d  c u l t u r e s  may a l s o  
have an e f f e c t  on t h e  r e c o v e r y  o f  v i a b l e  o r g a n i s m s .  The optimum t e m p e r a ­
t u r e  depends  on t h e  o r g a n i s m  and g r a d u a l  d i l u t i o n  w i t h  r e c o v e r y  medium, 
o r  d i l u t i o n  w i t h  s m a l l  q u a n t i t i e s  o f  w a t e r  o r  w a t e r  v a p o u r  may improve 
t h e  r e c o v e r y  (Leach &  S c o t t ,  1959;  H e c k ly ,  1961;  A n n e a r ,  1965 ) .  
Mechanisms o f  c e l l  damage d u r i n g  f r e e z e - d r y i n g
S t u d i e s  o f  f r e e z e - d r y i n g  i n  t h e  a b s e n c e  o f  p r o t e c t i v e  s u b s t a n c e s  
have g i v e n  more c o n s i s t e n t  r e s u l t s  and may th row  some l i g h t  on 
mechanisms o f  damage by d r y i n g .  S t o r a g e  i n  t h e  p r e s e n c e  o f  oxygen o f  
f r e e z e - d r i e d  E.  c o l i  (Lyon & Bergmann,  1 9 6 1 a ) ,  S a c c h .  c e r e v i s i a e ,
- 3 . -
s t r e p t o c o c c u s ,  s a r c i n a  o r  s e r r a t i a  (H eck ly , ,D im m ick  & ¥ i n d l e y ,  1963)  
has  r e s u l t e d  i n  g r e a t e r  l o s s  o f  v i a b i l i t y  t h a n  s t o r a g e  u n d e r  n i t r o g e n
o r  i n  v a c u o .
Monk & McCaff rey  (1957)  found  t h a t  f r e e z e - d r i e d  c u l t u r e s  o f  
S e r r a t i a  m a r c e s c e n s  d i e d  a t  maximum r a t e  when s t o r e d  i n  vacuo a t  room 
t e m p e r a t u r e  w i t h  33# (w/w) w a t e r  c o n t e n t  ( 0 . 9 4 a ^ ) .  N e i ,  S o u z i  &
A r a k i  ( i 9 6 0 )  o b t a i n e d  s i m i l a r  r e s u l t s  w i t h  E .  c o l i  i n  vacuo or  i n  
n i t r o g e n  b u t  found  t h a t  i n  a i r  h i g h  r e s i d u a l  w a t e r  (15# w/w) i n c r e a s e d  
t h e  s u r v i v a l  r a t e .  The same a u t h o r s  found  t h a t  h i g h e r  s t o r a g e  t e m p e r a ­
t u r e s  lo w e re d  s u r v i v a l  r a t e s .
S t u d i e s  by G r e i f f  ( l 9 7 l )  on f r e e z e - d r y i n g  o f  i n f l u e n z a  v i r u s  t o  
v a r i o u s  w a t e r - c o n t e n t s  and u n d e r  v a r i o u s  a t m o s p h e r e s ,  have shown t h a t  
maximum s t a b i l i t y  i n  vacuo  i s  o b t a i n e d  a t  1 . 7 #  (w/w) r e s i d u a l  w a t e r .  
S u r v i v a l  w i t h  1^4# r e s i d u a l  w a t e r  f o l l o w e d  t h e  se quenc e  He^  H^)> A r /  0^ 
( a s  30#0^ :7 0#N ^) CO^. G r e i f f  p o s t u l a t e d  from c o n s i d e r a t i o n  o f  w a t e r /  
p r o t e i n  r e l a t i o n s  ( see  n e x t  s e c t i o n )  t h a t  opt imum p r o t e i n  (and hence  
v i r a l )  s t a b i l i t y  o c c u r r e d  when o n l y  a monomolecu la r  l a y e r  o f  w a t e r  was 
l e f t .  Removal o f  t h i s  l a y e r  ( o v e r - d r y i n g )  o r  t h e  p r e s e n c e  o f  more 
w a t e r  ( u n d e r d r y i n g ) . r e s u l t e d  i n  g r e a t e r  p r o t e i n  d e g r a d a t i o n  ( l o s s  o f  
v i r a l  s t a b i l i t y )  d u r i n g  s t o r a g e  i n  v a c u o . But  t h e  w a t e r - b a r r i e r  p r e s e n t  
i n  u n d e r d r i e d  p r e p a r a t i o n s  p r o t e c t e d  t h e  m ac ro m o le cu le s  a t  t h e  s u r f a c e s  
o f  v i r u s  p a r t i c u l e s  f rom t h e  e f f e c t s  o f  more r e a c t i v e  g a s s e s  su c h  as  0^ 
o r  N^. E n t e r o v i r u s e s  a r e  more d i f f i c u l t  t o  p r e s e r v e  by f r e e z e - d r y i n g ,  
b u t  r em ova l  o f  e l e c t r o l y t e s  and o t h e r  s m a l l - m o l e c u l a r - w e i g h t  s u b s t a n c e s  
p r i o r  t o  f r e e z e - d r y i n g  h a s  been  shown t o  improve  s t a b i l i t y  (Be rge ,  J e w e t t  
& B l a i r ,  1 9 71 ) .  . •
Monk, M cCaff rey  & D av i s  (1957)  c o n c lu d e d  from c o m p a r i s o n s  o f  e n e r g i e s  
o f  a c t i v a t i o n  and e n t r o p i e s  o f  a c t i v a t i o n  t h a t  d e a t h  o f  f r e e z e - d r i e d  S . 
m a r c e s c e n s  was due n o t  t o  p r o t e i n  d é n a t u r a t i o n  b u t  p e r h a p s  t o  an
— 39 —
u n b a l a n c e d  m e t a b o l i c  (enzym ic )  r e a c t i o n .  However ,  Wagman ( i9 6 0 )  
o b s e r v e d  symptoms o f  c e l l  membrane damage -  l o s s  o f  amino a c i d s  and 
r i b o n u c l e i c  a c i d  (RNA) f r a g m e n t s  -  a f t e r  r e s u s c i t a t i o n  o f  S.  m a r c e s c e n s
S
and S i n s k e y  & ^ i l v e r m a n  (1970)  o b s e r v e d  s i m i l a r  damage i n  f r e e z e - d r i e d  
E . c o l i . Ray,  J e z e s k i  and B u s t a  (1971)  s u g g e s t  t h a t  i n j u r y  t o  f r e e z e -  
d r i e d  Salm.  ana tum may i n v o l v e  t h e  l i p o p o l y s a c c h a r i d e  p a r t  o f  t h e  c e l l  
w a l l .  R e p a i r  r e q u i r e d  a d e n o s i n e  t r i p h o s p h a t e  b u t  d i d  n o t  r e q u i r e  
s y n t h e s i s  o f  p r o t e i n ,  RNA o r  c e l l  w a l l  m u c o p e p t id e .
In  a d d i t i o n ,  H e c k ly  e t  a . i . (1963)  o b s e r v e d  c o r r e l a t i o n  o f  f r e e -  
r a d i c a l  p r o d u c t i o n  i n  a number o f  o r g a n i s m s  w i t h  d e a t h  a f t e r  f r e e z e -  
d r y i n g .  A n t i o x i d a n t s  s h o u l d  r e d u c e  f r e e - r a d i c a l s  and t h e  p r o t e c t i v e  
a c t i o n  o f  o t h e r  s u b s t a n c e s  may be due t o  t h e i r  a b i l i t y  t o  c o n t r o l  w a t e r  
l o s s ,  o r  t o  p r o t e c t  c e l l  c o n s t i t u e n t s  (membrane, p r o t e i n s ,  n u c l e i c  a c i d s ,  
e t c . )  d u r i n g  f r e e z i n g  and d r y i n g .  ^
I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  a b i l i t y  t o  w i t h s t a n d  d r y  
c o n d i t i o n s  i s  n o t  l i m i t e d  t o  m i c r o - o r g a n i s m s ,  o r  t o  s p e c i a l i z e d  s t a g e s  
d u r i n g  l i f e - c y c l e s  -  su c h  as  s e e d s  o r  e n c y s t e d  l a r v a l  fo rms -  b u t  t h a t  
some i n v e r t e b r a t e s  (n e m a to d e s ,  t a r d i g r a d e s  and r o t i f e r s )  can  s u r v i v e  
d e h y d r a t e d  f o r  many y e a r s ,  and e x h i b i t  an i n c r e a s e d  r e s i s t a n c e  t o  
e x t r e m e s  o f  t e m p e r a t u r e ,  b e s i d e s  b e i n g  a b l e  t o  s u r v i v e  b e t t e r  i n  oxygen -  
f r e e  a tm o s p h e re s  (Crowe & Cooper ,  1971 ) .
4 .  i i .  S u r v i v a l  o f  a i r - b o r n e  b a c t e r i a .
Work on b a c t e r i a  i n  a e r o s o l s  s u g g e s t s  t h a t  t h e y  s u f f e r  damage 
s i m i l a r  t o  t h a t  i n f l i c t e d  on o r gan i sm s  by f r e e z e - d r y i n g .  Dur ing  
a e r o s o l  f o r m a t i o n  v i a b i l i t y  depends  on t h e  i n t e r a c t i o n  o f  r e l a t i v e  
h u m i d i t y  and g a s e o u s  a tm o s p h e re  -  f o r  i n s t a n c e ,  v i a b i l i t y  o f  E.  c o l i  
i n  a e r o s o l s  i s  l e a s t  i n  n i t r o g e n  above a b o u t  60# r . h .  w h i l e  i n  a i r  i t  
i s  l e a s t  a t  low r . h .  (Cox, 1 9 6 6 ) .  Dea th  a t  low r . h .  i n  a i r  i s  a t  l e a s t  
p a r t l y  due t o  f r e e - r a d i c l e  f o r m a t i o n  (Benbough, 1 9 6 7 ) .  A d d i t i o n  o f  a
— 40 —
v a r i e t y  o f  s u b s t a n c e s  t o  t h e  s u s p e n d i n g  medium b e f o r e  a e r o s o l  f o r m a t i o n ,  
can be p r o t e c t i v e  -  s u g a r s ,  (Zimmerman, 1962;  Cox, 1966;  Maltman, 1 9 7 0 ) ,  
amino a c i d s  and l o n g - c h a i n  p e p t i d e s ,  (Webb, I 9 6 0 ) ,  b e s i d e s  f r e e - r a d i c l e  
s u p p r e s s o r s  and e l e c t r o n - t r a n s p o r t  i n h i b i t o r s  when oxygen i s  p r e s e n t  
(Benbough,  1 9 6 7 ) .
S e c o n d a ry  a l c o h o l  or  amino g roups  i n  s ix -m em bered  r i n g  compounds 
have been  shown t o  be p a r t i c u l a r l y  p r o t e c t i v e  d u r i n g  a e r o s o l  f o r m a t i o n  
(Webb, 1 9 6 5 ) .  Th is  p r o t e c t i v e  e f f e c t  a p p e a r s  t o  be a s s o c i a t e d  w i t h  
t h e  a b i l i t y  o f  t h e s e  compounds t o  r e p l a c e  w a t e r  m o le c u le s  w i t h o u t  
d e n a t u r i n g  c y t o p l a s m i c  p r o t e i n  m o l e c u l e s .  I n o s i t o l  has  b e e n  found  t o  
be p a r t i c u l a r l y  e f f e c t i v e  (Webb, 1960a ;  1 9 6 5 ) .
As w i t h  f r e e z e - d r y i n g ,  c e l l s  i n  t h e  l o g a r i t h m i c  pha se  o f  growth  
a r e  l e s s  r e s i s t a n t  and v i a b i l i t y  i s  a f f e c t e d  by t h e  r e c o v e r y  medium
(Maltmany 1 9 7 0 ) .  G r a m - n e g a t i v e  b a c t e r i a  a r e  g e n e r a l l y  more s e n s i t i v e
t h a n  G r a m - p o s i t i v e  o r g a n i s m s  and  a s  w i t h  f r e e z e - d r y i n g  t h e r e  i s  e v id e n c e
o f  membrane damage (Maltman,  1 9 7 0 ) .  Lysozyme s e n s i t i v i t y  o f  K l e b s i e l l a
a e r o g e n e s  a f t e r  a e r o s o l  f o r m a t i o n  has  a l s o  been  o b s e r v e d ,  i n d i c a t i n g  
c e l l  w a l l  damage (Maltman, 1 9 70 ) .
4 .  i i i .  DRYING EFFECTS OF HYPERTONIC SOLUTIONS
P l a s m o l y s i s  i n  h i g h  o s m o t i c  p r e s s u r e  s o l u t i o n s  i s  a w e l l - k n o w n  
phenomenon i n  p l a n t  and a n im a l  c e l l s .  S i m i l a r  e f f e c t s  have be e n  
o b s e r v e d  i n  b a c t e r i a ,  b u t  c o n s i d e r a b l e  d i f f e r e n c e s  i n  r e a c t i o n  e x i s t  
be tw e e n  G r a m - p o s i t i v e  and G r a m - n e g a t iv e  t y p e s  ( H a le ,  1957)  w h ich  can  
p r o b a b l y  be a t t r i b u t e d  t o  two main c a u s e s .  The f i r s t  i s  a d i f f e r e n c e  
i n  i n t e r n a l  o s m o t i c  p r e s s u r e  -  i n  G r a m - p o s i t i v e  c o c c i  i t  i s  i n  t h e  
r e g i o n  20 -30  a tm o s p h e r e s  ( M i t c h e l l  & Moyle,  1956)  w h i l e  G r a m - n e g a t i v e  
r o d s  have an i n t e r n a l  p r e s s u r e  o f  o n l y  4 - 8  a tm o s p h e r e s  ( M i t c h e l l  &
Moyle,  1956;  G e b i k i  & J a m e s ,  1960;  Hugo & R u s s e l l ,  I 9 6 0 ) .  The 
s e co n d  i s  t h a t  t h e r e  seems t o  be a more i n t i m a t e  c o n t a c t  b e tw e en  c e l l
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w a l l  and membrane i n  G r a m - p o s i t i v e  b a c t e r i a  (and y e a s t s )  t h a n  i n  Grain- 
n e g a t i v e  fo rm s .  C o n s e q u e n t l y  G r a m - n e g a t iv e  o rg an i s m s  . a r e  p l a s m o l y s e d  
i n  r e l a t i v e l y  d i l u t e  s o l u t i o n s ,  and t h e  c y to p l a s m  i s  drawn away from 
t h e  c e l l  w a l l ;  r e m a i n i n g  a t t a c h e d  o n ly  a t  a few p l a c e s .  E l e c t r o n  
m i c r o s c o p i c  s t u d i e s  on E . c o l i  i n  h y p e r t o n i c  s u c r o s e  s o l u t i o n  have  
shown t h a t  p l a s m o l y s i s  g e n e r a l l y  o c c u r s  by i n v a g i n a t i o n  from one end 
o f  t h e  c e l l  ( C o t a - R o b l e s , 1963;  S c h e i e  & D a le n ,  1968;  S c h e i e ,  1969)  
and i s  a s s o c i a t e d  w i t h  l o s s  o f  m o t i l i t y  (Okrend & D o e t s c h ,  1 9 6 9 ) .
When p l a s m o l y s i s  i s  s e v e r e  t h e  c y to p l a s m  c o l l a p s e s  a l o n g  t h e  l o n g  a x i s  
o f  t h e  c e l l ,  and t h e r e  may a l s o  be some c o l l a p s e  o f  t h e  c e l l  w a l l .  P l a s -  
m o l y s i s  docs  n o t  n e c e s s a r i l y  c a u s e  l o s s  o f  v i a b i l i t y  ( S c h e i e ,  1 9 6 9 ) ,  
b u t  i n f o r m a t i o n  on s o l u t e s  o t h e r  t h a n  s u c r o s e  i s  s p a r s e .  Bo th  p l a s ­
m o l y s i s  and l o s s  o f  v i a b i l i t y  i s  r e d u c e d  when NaCl o r  n u t r i e n t  b r o t h  
i s  added t o  s u c r o s e  s o l u t i o n s  ( S c h e i e ,  1 9 6 9 ) .
W ith  G r a m - p o s i t i v e  b a c t e r i a  h y p e r t o n i c  s o l u t i o n s  g e n e r a l l y  cause  
a  r e d u c t i o n  i n  c e l l  volume o n l y .  At  v e r y  h i g h  o s m o t i c  p r e s s u r e s  
(2 -4  m o la r  NaCl)  (Robinow, I 960 )  t h e r e  may be some d r a w in g  away o f  t h e  
c y t o p l a s m i c  membrane from t h e  c e l l  w a l l  i n  B a c i l l u s  b u t  t h i s  h a s  n e v e r  
b e e n  o b s e r v e d  i n  t h e  St a p h y l o c o c c u s / M i c r o c o c c u s  g ro u p  (K n a y s i ,  1951;  M i t ­
c h e l l  & Moyle,  1956;  Robinow, I 9 6 0 ;  Okrend & D o e t s c h ,  1 9 6 9 ) .  Y e a s t s  
seem t o  behave  s i m i l a r l y  t o  G r a m - p o s i t i v e  c o c c i  i n  h y p e r t o n i c  s o l u t i o n s
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( e . g .  Vas & P r o s z t ,  1959;  L i l l e h o j  & OttolengjjL, 1 9 6 7 ) .  S u r v i v a l  of  
m i c r o - o r g a n i s m s  i n  h i g h  O.P .  s o l u t i o n s  can  be good and ,  a s  w i t h  o t h e r  
d r y  s i t u a t i o n s ,  G r a m - p o s i t i v e  o r g a n i s m s ,  p a r t i c u l a r l y  c o c c i  and s p o r e -  
f o r m e r s ,  s u r v i v e  b e t t e r  t h a n  do G r a m - n e g a t i v e  o rgan i sm s*  P r a c t i c a l  
e x p e r i e n c e  shows t h a t  b a c t e r i a  s u r v i v e  i n  b r i n e s ,  s y r u p s ,  e t c . ,  f o r  
l o n g  p e r i o d s  o f  t im e  a l t h o u g h  u n a b l e  t o  m u l t i p l y .  In  h y p e r t o n i c  s o l u t i o n s  
b o th  b a c t e r i a  and y e a s t s  a r e  n o r m a l l y  s t a b l e  b e c a u s e  t h e i r  r i g i d  c e l l  
w a l l  e x e r t s  an  e q u a l  and o p p o s i t e  p r e s s u r e  t o  t h a t  c a u s e d  by t h e
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d i f f e r e n c e  i n  osm ot ic  p r e s s u r e ,  a l t h o u g h  a c t i v e l y  g rowing  c e l l s  may 
be s e n s i t i v e .
Some n o n - i o n i c  low m o l e c u l a r  w e i g h t  s u b s t a n c e s  such  as  g l y c e r o l  
do n o t  c a u s e  p l a s m o l y s i s  b e c a u s e  t h e r e  i s  no p e r m e a b i l i t y  b a r r i e r  
(Robinow, I 9 6 0 ) ,  With o t h e r  l a r g e r  m o l e c u l a r  w e i g h t  s u b s t a n c e s  s u c h  
as  s u c r o s e ,  and w i t h  i o n i c  s a l t s .  G ra m - n e g a t i v e  o rg an i s m s  a r e  p l a s m o l y s e d  
i n i t i a l l y ,  and w i t h  some s o l u t e s  a r e  d e p l a s m o l y s e d  a f t e r  some t i m e ,  
p r e s u m a b ly  b e c a u s e  o f  g r a d u a l  p e n e t r a t i o n  t h r o u g h  t h e  p lasm a  membrane 
(Record ,  T a y l o r  & M i l l e r ,  1962;  Henneman &  U m b r e i t ,  1964;  B a y e r ,  1968;  
S c h e i e ,  1 9 6 9 ) .  B e p l a s m o l y s i s  i s  f a s t e s t  i n  low er  c o n c e n t r a t i o n s  o f
s u c r o s e  (B aye r ,  1968 ) .  Sudden d i l u t i o n  o f  t h e s e  h y p o t o n i c  s o l u t i o n s
' < ■ ■
o f t e n  r e s u l t s  i n  r u p t u r e  o f  c e l l  w a l l s  and  p r o d u c t i o n  o f  s p h e r o p l a s t s  
-  t h i s  happens  b e c a u s e  t h e  s o l u t e  i s  a b l e  t o  p e n e t r a t e  t h e  c e l l  w a l l  
and s u d d e n  r e d u c t i o n  o f  e x t e r n a l  o s m o t i c  p r e s s u r e  i n c r e a s e s  p r e s s u r e  on 
t h e  c e l l  w a l l  t o  such  an e x t e n t  t h a t  i t  b u r s t s  (Record  e t  a l . ,  1 9 6 2 ) ,  
and  v i a b i l i t y  i s  l o s t  ( B a y e r ,  1 9 67 ) .  I n  a d d i t i o n ,  c e l l s  may a l s o
e x h i b i t  ' p l a s m o p t y s i s ’ -  c y t o p l a s m  i s  e x t r u d e d  t h r o u g h  t h e  c e l l  w a l l  
( K n a y s i ,  1951)  e x p e c i a l l y  i f  t h e  c e l l  i s  a c t i v e l y  g rowing  (B a ye r ,  1 9 6 7 / ,
H igh  m o l e c u l a r  w e i g h t  s u b s t a n c e s  can p e n e t r a t e  n e i t h e r  t h e  c e l l  
w a l l  n o r  t h e  c e l l  membrane, and c o n s e q u e n t l y  r a p i d  d i l u t i o n  o f  s u s p e n ­
s i o n  w i l l  n e i t h e r  cause  l y s i s  n o r  s p h e r o p l a s t  f o r m a t i o n .  R ecord  e t  a l , ,  
(1962)  recommended u s e  o f  p o l y e t h y l e n e  g l y c o l  or  o t h e r  h i g h  m o l e c u l a r  
w e i g h t  s u b s t a n c e s  i n  o r d e r  t o  p r o t e c t  c e l l s  d u r i n g  f r e e z e - d r y i n g  and 
s u b s e q u e n t  r e h y d r a t i o n .  High  m o l e c u l a r  w e i g h t  s u b s t a n c e s ,  such  as  p o l y ­
p e p t i d e s  o r  d e x t r a n s , which  e x e r t  low o s m o t i c  p r e s s u r e s  may be u s e d  i n  
t h e  d e t e r m i n a t i o n  o f  i n t e r c e l l u l a r  w a t e r  by measurem ent  o f  d i l u t i o n  
(Conway & Downey, 1 9 5 0 ) .
W hether  a  compound c a u s e s  p e rm a n en t  o r  o n l y  t e m p o r a r y  p l a s m o l y s i s  
depends  on i t s  a b i l i t y  t o  p a s s  t h r o u g h  t h e  c e l l  membrane.  The s u b j e c t
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o f  c e l l  p e r m e a b i l i t y  i s  complex and  n o t  f u l l y  u n d e r s t o o d  ( e . g .  M i t c h e l l ,  
1961;  C i r i l l o ,  1961;  Kepes & Cohen, 1962;  G a l e ,  1 9 7 1 ) .  There  i s  no 
g e n e r a l  r u l e  c o n c e r n i n g  p e r m e a b i l i t y  o f  o r g a n i s m s  e i t h e r  t o  i o n s  o r  t o  
s u g a r s ,  amino a c i d s  o r  o t h e r  compounds;  n e i t h e r  does  t h e  f a c t  t h a t  
a compound can  e n t e r  a c e l l  im p ly  t h a t  i t  i s  a l s o  u t i l i s e d  ( s e e  b e l o w ) .  
The e f f e c t  o f  p l a c i n g  c e l l s  i n  h y p e r t o n i c  s o l u t i o n s  may be e i t h e r  t o  
p l a s m o l y s e  them p e r m a n e n t l y ,  t h u s  r e d u c i n g  t h e i r  w a t e r  c o n t e n t ,  o r  t o  
r e p l a c e  some o f  t h e  c y t o p l a s m i c  w a t e r  by s o l u t e  i o n s  o r  m o l e c u l e s .
4 . i v ,  CELL PERMEABILITY
As m e n t io n e d  p r e v i o u s l y  ( s e e  above )  c o n c e n t r a t e d  s o l u t i o n s ,  b e s i d e s  
h a v i n g  a d r y i n g  e f f e c t  on c e l l s ,  may a l s o  a f f e c t  c e l l s  by e n t e r i n g  t h e  
c y to p l a s m  a f t e r  p e n e t r a t i n g  t h e  c e l l  e n v e l o p e .
The c y t o p l a s m i c  (o r  p l a s m a )  membrane i s  c o n s i d e r e d  t o  be t h e  most  
i m p o r t a n t  b a r r i e r  t o  p e n e t r a t i o n  o f  t h e  c y to p l a s m  of  c e l l s  by s o l u t e s .  
C e l l  w a l l s  a r e  pe rm e a b le  t o  a l l  b u t  t h e  l a r g e s t  m o l e c u l e s .  The p lasm a  
membrane i s  c o n s i d e r e d  t o  be f r e e l y  pe rm e a b le  t o  r e l a t i v e l y  few s u b ­
s t a n c e s  s u c h  as  w a t e r ,  CO^ and 0^ .  Most  s o l u t e s  can  o n l y  c r o s s  t h e  
p lasm a  membrane by  means o f  t r a n s p o r t  s y s t e m s .
S t u d y  o f  t r a n s p o r t  s y s t e m s  i s  a d i s c i p l i n e  i n  i t s e l f  and w i l l  be 
d i s c u s s e d  o n l y  b r i e f l y  h e r e .  A l t h o u g h  s y s te m s  o f  t r a n s p o r t  o f  many 
s o l u t e s  have  be e n  examined e x t e n s i v e l y ,  t h e r e  r e m a in s  c o n t r o v e r s y  o v e r  
how e n e r g y  i s  s u p p l i e d  i n  s i t u a t i o n s  where  s o l u t e s  c a n  be a c c u m u la t e d  
a g a i n s t  v e r y  h i g h  c o n c e n t r a t i o n  g r a d i e n t s *  U n l i k e  many b i o c h e m i c a l  
s y s te m s  which  have be e n  s u c c e s s f u l l y  s t u d i e d  by t r e a t i n g  c e l l s  a s  
hom ogena tes  o f  enzymes ,  t r a n s p o r t  s y s te m s  must  be o r i e n t a t e d  w i t h  r e s p e c t  
t o  t h e  membrane, and i t  s h o u l d  be bo rne  i n  mind t h a t  t h e  enzymes 
i n v o l v e d  have a p a r t i c u l a r  o r i e n t a t i o n .  I t  i s  n o t  p r o p o s e d  t o  i n v e s t i ­
g a t e  t h e  v a r i o u s  t h e o r i e s  o f  t h e  r o l e  o f  membranes i n  e n e r g y  m e t a b o l i s m .  
H a r o ld  (1972)  has  w r i t t e n  an  e x c e l l e n t  r e v i e w  on t h e  s u b j e c t .  However ,
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i t  i s  w o r t h  m e n t i o n i n g  t h e  t h e o r y  o f  M i t c h e l l  ( l 9 o l ) .  T h i s  a t t r i ­
b u t e s  b o t h  t h e  g e n e r a t i o n  o f  energj'- f o r  t r a n s l o c a t i o n  and t h a t  f o r  
ATP s y n t h e s i s  t o  t h e  p r o d u c t i o n  o f  a p o t e n t i a l  d i f f e r e n c e  b o t h  o f  pH 
and o f  e l e c t r i c a l  c h a rg e  a c r o s s  a membrane d u r i n g  o x i d a t i o n  o f  s u b ­
s t r a t e s  v i a  t h e  r e s p i r a t o r y  c h a i n  ( th e  c he m iosm o t ic  t h e o r y ) .
To d a t e  a s y s te m  o f  c l a s s i f y i n g  s y s te m s  o f  membrane t r a n s p o r t  h a s  
n o t  b e e n  g e n e r a l l y  a g r e e d .  M i t c h e l l  (196?)  d i v i d e d  them i n t o  ' p r i m a r y '  
and ' s e c o n d a r y '  s y s t e m s .  In  p r i m a r y  s y s t e m s  t h e  t r a n s p o r t  i s  g e n e r a l l y  
l i n k e d  t o  a  b i o c h e m i c a l  r e a c t i o n .  The p r i m a r y  sy s te m s  a r e  f u r t h e r  
d i v i d e d  i n t o  ' g r o u p  t r a n s l o c a t i o n '  and ' e n z y m e - l i n k e d  s o l u t e  t r a n s ­
l o c a t i o n ' .  Group t r a n s l o c a t i o n  o c c u r s  when an enzyme s y s t e m ,  o r i e n t a t e d  
a c r o s s  a membrane, c h e m i c a l l y  m o d i f i e s  a s u b s t r a t e  and  a t  t h e  same t im e  
t r a n s l o c a t e s  i t .  E n z y m e - l i n k e d  s o l u t e  t r a n s l o c a t i o n  o c c u r s  a s  a r e s u l t  
o f  a b i o c h e m i c a l  r e a c t i o n ,  b u t  t h e  s u b s t r a t e  does  n o t  i t s e l f  p a r t i c i p a t e  
i n  t h e  r e a c t i o n .  Bo th  t h e s e  t y p e s  of  t r a n s l o c a t i o n  have  been  d e s c r i b e d  
a s  ' a c t i v e  t r a n s p o r t '  by o t h e r  w o r k e r s ,  s i n c e  t h e y  r e s u l t  i n  s o l u t e  
a c c u m u l a t i o n  a g a i n s t  a  c o n c e n t r a t i o n  g r a d i e n t .
S e c o n d a r y  s y s t e m s , a c c o r d i n g  t o  M i t c h e l l ,  a r e  n o t  d i r e c t l y  l i n k e d  
t o  a c h e m i c a l  o r  m e t a b o l i c  r e a c t i o n ,  b u t  may be s e c o n d a r i l y  c o u p l e d .
They c a n  be f u r t h e r  d i v i d e d  i n t o  ' u n i p o r t ' ,  ' s y m p o r t '  o r  ' a n t i p o r t '  
s y s t e m s .  I n  a u n i p o r t  s y s te m  ( c a l l e d  f a c i l i t a t e d  d i f f u s i o n  by o t h e r  
w o r k e r s ) ,  t h e  s u b s t r a t e  e q u i l i b r a t e s  a c r o s s  a membrane i n  a c c o r d  w i t h  
i t s  e l e c t r o c h e m i c a l  o r  o s m o t i c  p o t e n t i a l .  Sjmiport and  a n t i p o r t  i n v o l v e  
r e a c t i o n s  o f  two s u b s t r a t e s  w i t h  a c a r r i e r .  I n  sympor t  two s o l u t e s  
e q u i l i b r a t e  a c r o s s  t h e  o s m o t i c  b a r r i e r :  t r a n s l o c a t i o n  o f  one s o l u t e  i s
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c o u p le d  t o  t h e  t r a n s p o r t  o f  t h e  o t h e r  i n  t h e  same d i r e c t i o n  -  e . g .  Na 
o r  H movement can  d r i v e  movement o f  amino a c i d s  o r  s u g a r s  a g a i n s t  a 
g r a d i e n t  o f  t h e  l a t t e r  compounds.  A n t i p o r t  i s  s i m i l a r ,  e x c e p t  t h a t  
t h e  s u b s t r a t e s  a r e  t r a n s n o r t e d  i n  o p n o s i t e  d i r e c t i o n s
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S ugar  and p o l y o l  t r a n s p o r t  i n  s a l m o n e l l a e
G l y c e r o l  There  i s  e v id e n c e  t h a t  g l y c e r o l  i s  t r a n s p o r t e d  by a u n i p o r t  
or  f a c i l i t a t e d  d i f f u s i o n  sy s te m  i n  e n t e r o b a c t e r i a . The s y s te m  i s  
i n d u c e d  by g row th  i n  t h e  p r e s e n c e  of  g l y c e r o l .  I n  u n i n d u c e d  c e l l s  
g l y c e r o l  e n t e r s  more s l o w l y ,  by s im p le  d i f f u s i o n .  The f a c i l i t a t e d  
d i f f u s i o n  s y s t e m  r e s u l t s  i n  r a p i d  e q u i l i b r a t i o n  o f  t h e  g l y c e r o l  i n  t h e  
c e l l  w i t h  t h a t  i n  t h e  s u r r o u n d i n g  medium (Sanno ,  W i l son  & L i n ,  1967;  
Alem^ohammad & Knowles ,  1 9 7 4 ) .
G l u c o s e ,  f r u c t o s e  and s o r b i t o l  These t h r e e  s o l u t e s  (and o t h e r  h e x o s e s )  
a r e  s t a t e d  by S a i e r  & Roseman (1972)  t o  e n t e r  Salm.  typh imuriu rn  by t h e  
phosphoenolpyruva te  p h o s p h o t r a n s f e r a s e  s y s te m  f i r s t  o b s e r v e d  i n  E.  c o l i  
by Kund ig ,  Ghosh & Roseman (1 9 6 4 ) .  T h i s  i s  a  g r o u p  t r a n s l o c a t i o n  
d i r e c t l y  l i n k e d  t o  a c h e m i c a l  r e a c t i o n .  The s y s te m  i s  w i d e l y  d i s t r i b u t e d  
amongs t  b o t h  G r a m - n e g a t i v e  and G r a m - p o s i t i v e  f a c u l t a t i v e l y  a n a e r o b i c  
m i c r o - o r g a n i s m s  (Romano, E b e r h a r d  & D i n g l e ,  1 9 7 0 ) .  The f o l l o w i n g  
r e a c t i o n s  a r e  c o n s i d e r e d  t o  a c c o u n t  f o r  b o t h  t h e  t r a n s p o r t  and p h o s ­
p h o r y l a t i o n  o f  t h e  s u g a r s .  A s m a l l  p r o t e i n  (HPr) i s  p h o s p h o r y l a t e d  
by  p h o s p h o e n o l p y r u v a t e  (PEP),  c a t a l y z e d  by enzyme I .  I n  t h e  s econd  s t e p  
t h e  p h o s p h a t e  i s  t r a n s f e r r e d  t o  a s u g a r  by  one o f  a f a m i l y  o f  enzymes 
e a c h  o f  which  i s  s p e c i f i c  f o r  d i f f e r e n t  s u g a r s .  Enzyme I  and HPr a r e  
c o n s t i t u t i v e  b u t  t h e  enzyme I I  g ro u p  a r e  membrane-bound and  may be e i t h e r  
c o n s t i t u t i v e  o r  i n d u c i b l e  ( see  Kabak (1970)  o r  Kabak ( 1 9 7 2 ) ) .
I ,  Mg'
( l )  PEP + HPr ^  HPr -  P + p y r u v a t e
(2 ) HPr -  P + s u g a r   s u g a r  -  P + HPr
o v e r a l l  : PEP + s u g a r  I , ü  >  s u g a r  -  P + p y r u v a t e
HPr,  M g ^
U n l i k e  o t h e r  t r a n s p o r t  s y s t e m s  ( e . g .  t h e  ^ - g a l a c t o s i d a s e  sy s te m  of  
E .  c o l i ) t h e  p h o s p h o e n o l p y r u v a t e  sy s tem  i s  n o t  b l o c k e d  by u n c o u p l e r s
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( d i n i t r o p h e n o l , a z i d e  o r  c a r b o n y l c y a n i d e  m -c h l o r o p h e n y lh y d r a z o n e  (CCCP)); 
i n  f a c t  a c c u m u l a t i o n  i s  e n h a n c e d ,  p r e s u m a b ly  b e c a u s e  t h e  u n c o u p l e r s  
s t i m u l a t e  PEP p r o d u c t i o n .  G l u e o s e - l - p h o s p h a t e  i s  t h e  mos t  e f f i c i e n t
i n h i b i t o r  o f  g lucose  t r a n s p o r t  f o l l o w e d  by  m a n n o s e - l - p h o s p h a t e  and g l u c o s e -  
6 - p h o s p h a t e  (Kabak,  1 9 7 0 ) .  3 - d e o x y - 3 - f l u o r - D - g l u c o s e  i n h i b i t s  t r a n s p o r t
o f  l a c t o s e ,  f r u c t o s e  and g l y c e r o l  (Mi les  &  P i r t ,  1 9 7 3 ) .
S u c r o s e  I n f o r m a t i o n  on p e r m e a b i l i t y  o f  b a c t e r i a l  p lasma membranes t o  
s u c r o s e  i s  r a r e .  The s t u d i e s  o f  Egan & Morse (1965 a & b ;  1966)  
showed t h a t  S t a p h y l o c o c c u s  a u r e u s  p o s s e s s e d  a common c a r r i e r  f o r  t h e  
u p t a k e  of  g l u c o s e ,  m a l t o s e  and s u c r o s e ,  and t h a t  t h e  t r a n s p o r t  s y s t e m  
was a c t i v e  ( p r i m a r y ) .  Up take  o f  s u c r o s e  was anomalous  however ,  i n  
t h a t  i t  d i d  n o t  e x h i b i t  s a t u r a t i o n  k i n e t i c s .  Bernhe im  (1963)  and 
S c h e i e  (1969)  showed t h a t  s u c r o s e  was a b l e  t o  p e n e t r a t e  E .  c o l i , c a u s i n g  
t r a n s i e n t  p l a s m o l y s i s .  A s t u d y  by H u r w i t z ,  Braun  & Peabody  (1965)  
showed t h a t  85# o f  t h e  t o t a l  volume o f  a s t r a i n  o f  E . c o l i  was p e n e t r a t e d  
by  s u c r o s e .  The re  a p p e a r  t o  have  been  no s i m i l a r  s t u d i e s  i n  s a l m o n e l l a e ,  
The f a c t  t h a t  i t  i s  n o t  u t i l i z e d  by s a l m o n e l l a e  does  n o t  n e c e s s a r i l y  
i n d i c a t e  t h a t  s u c r o s e  do e s  n o t  e n t e r  t h e  c e l l .
L a c t o s e  The s y s te m  o f  t r a n s p o r t i n g  t h i s  d i s a c c h a r i d e  i n  E .  c o l i  h a s  
r e c e i v e d  a g r e a t  d e a l  o f  a t t e n t i o n ,  i n  c o n t r a s t  t o  t h e  l a c k  o f  i n t e r e s t  
i n  s u c r o s e  t r a n s p o r t .  The s y s te m  i s  one o f  p r i m a r y  o r  a c t i v e  t r a n s p o r t .  
An e x c e l l e n t  r e v i e w  o f  t h i s  t o p i c  can be found  i n  t h e  r e c e n t  p a p e r  o f  
H a r o l d  (1972)  and i t  i s  n o t  p r o p o s e d  t o  d i s c u s s  i t  f u r t h e r  s i n c e  l a c t o s e  
was n o t  i n v e s t i g a t e d  i n  h i s  s t u d y .
S u g a r  and  p o l y o l  t r a n s p o r t  i n  y e a S t s  There  i s  a b u n d a n t  e v i d e n c e  t h a t  
m o n o s a c c h a r i d e s  a r e  t r a n s p o r t e d  a c r o s s  S a c c h .  c e r e v i s i a e  c e l l  membranes 
by  •jfa'C-u-l-ta-t-i 'v e  d i f f u s i o n  i n v o l v i n g  c a r r i e r s  ( e . g .  C i r i l l o ,  1965;
K o t y k , 1967;  C i r i l l o ,  1 9 6 8 ) .  The s y s te m  i s  n o t  e n e r g y - r e q u i r i n g  and
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i s  inh i tL te d  by  u r a n y l  a c e t a t e ;  t h e  s u g a r s  a r e  c h e m i c a l l y  unchanged  
and o s m o t i c a l l y  a c t i v e  w i t h i n  t h e  c e l l  membrane.  The c a r r i e r  o r  
c a r r i e r s  do n o t  a p p e a r  t o  be s p e c i f i c  t o  e a ch  m o n o s a c c h a r i d e .  G luc ose  
h a s  been  shown to  e n t e r  Sa c c h .  c e r e v i s i a e  c e l l s  more r a p i d l y  t h a n  
f r u c t o s e ,  b u t  f r u c t o s e  e n t e r s  more r a p i d l y  t h a n  t h e  o t h e r  p y r a n o s e s  (Kotyk ,  
1967;  C i r i l l o ,  1 9 6 8 ) .  O th e r  s p e c i e s  o f  Saccharom yces  may p o s s e s s  a  . 
s i m i l a r  s y s t e m ,  b u t  i n  T o r u l o p s i s , Cand ida  and R h o d o t o r u l a  t h e r e  i s  
e v id e n c e  o f  p r i m a r y  t r a n s p o r t  a g a i n s t  a c o n c e n t r a t i o n  g r a d i e n t  (Kotyk 
& J a n a c e k j  1 9 7 0 ) ,
I n f o r m a t i o n  on p o l y o l  t r a n s p o r t  i s  s p a r s e .  G l y c e r o l  seems t o  be 
a b l e  t o  p a s s  f r e e l y  i n t o  most  c e l l s .  B a r n e t t  (1968)  s t u d i e d  t r a n s p o r t  
o f  s o r b i t o l  i n t o  Candida  u t i l i s  NCYC 359 ( t h e  s t r a i n  u s e d  i n  t h i s  s t u d y ,  
y e a s t  0 )  and P i c h i a  d e l f t e n s i s . He found  t h a t  t h e  f i r s t  s p e c i e s  c o u l d  
n e i t h e r  a s s i m i l a t e  n o r ;  t r a n s p o r t  s o r b i t o l ,  w h i l e  t h e  s e c o n d  s p e c i e s  b o t h  
t r a n s p o r t s  a g a i n s t  a  c o n c e n t r a t i o n  g r a d i e n t  and a s s i m i l a t e s  s o r b i t o l .
S i n c e  s o r b i t o l  does  n o t  form a p y r a n o s e  r i n g  i t s  rpethod of  e n t r y  may 
d i f f e r  f rom t h a t  o f  g l u c o s e  and f r u c t o s e .
O l i g o s a c c h a r i d e s  c a n  be t r a n s p o r t e d  i n t o  t h e  y e a s t  c e l l  a f t e r  
h y d r o l y s i s  t o  m o n s a c c h a r i d e s - ^ e . g .  i n  S a c c h .  c e r e v i s i a e  s u c r o s e  i s  
c o n v e r t e d  t o  g l u c o s e  and f r u c t o s e  by an e x t r a c e l l u l a r  i n v e r t a s e  b u t  ' 
m a l t o s e  i s  t r a n s p o r t e d  a c r o s s  t h e  membrane b e f o r e  h y d r o l y s i s  (de l a  
P u e n t e  & S o l s ,  1962)  as  a l s o  i s  t r e h a l o s e  ( B u r g e r ,  Hejmova & K l e i n z e l l e r ,  
1 9 5 9 ) .
Methods o f  s t u d y i n g  c e l l  p e r m e a b i l i t y
Methods u s e d  i n  t h e  s t u d y  o f  c e l l  membrane t r a n s p o r t  can i n  g e n e r a l  
be d i v i d e d  i n t o  two c a t e g o r i e s  : t h o s e  which  d e t e r m i n e  a b s o l u t e  c o n c e n t r a ­
t i o n s  o f  s o l u t e s  e i t h e r  w i t h i n  t h e  c e l l  or  o u t s i d e  i t ,  and  t h o s e  which  
u s e  a s e c o n d a r y  e f f e c t  o f  s o l u t e  c o n c e n t r a t i o n  -  f o r  i n s t a n c e  cha nges  i n  
t u r b i d i t y  o f  c e l l  s u s p e n s i o n s .
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D i r e c t  methods o f  m e a s u r in g  s o l u t e  c o n c e n t r a t i o n s  a r e  o f t e n
t e d i o u s  and t im e - c o n s u m i n g ,  b u t  n e c e s s a r y  p a r t i c u l a r l y  i f  mechanisms 
o f  t r a n s p o r t  a r e  b e i n g  s t u d i e d  « I f  t h e  c o n c e n t r a t i o n  o f  s o l u t e  i s  
t o  be d e t e r m i n e d  w i t h i n  t h e  c e l l ,  a  method  must  be found  o f  s e p a r a t i n g  
t h e  c e l l s  f rom t h e  e x t r a c e l l u l a r  f l u i d  w i t h  minimum l o s s  o f  i n t r a c e l l u l a r  
s o l u t e  d u r i n g  w a s h i n g .  T h i s  can be done  by r a p i d  membrane f i l t r a t i o n  
and w a s h i n g  w i t h  i c e - c o l d  l i q u i d .  A l t e r n a t i v e l y ,  c e n t r i f u g a t i o n  t h r o u g h  
a  l a y e r  o f  s i l i c o n e  can  be c a r r i e d  o u t ,  so t h a t  no f u r t h e r  w a s h in g  i s  
r e q u i r e d  ( V e r k e i s e r  & B a r t l e y ,  1 9 5 7 ) .  T h i s  i s  much f a s t e r  t h a n  con ­
v e n t i o n a l  c e n t r i f u g i n g  and w a s h in g  t e c h n i q u e s ,  b u t  s t i l l  s l o w e r  t h a n  t h e  
f i l t r a t i o n  t e c h n i q u e .  D e t e r m i n a t i o n  o f  s b l u t e  c o n c e n t r a t i o n  c a n  be 
c a r r i e d  o u t  by s t a n d a r d  a s s a y  methods a f t e r  p r e p a r a t i o n  o f  c e l l  e x t r a c t s .  
I t  i s  e a s i e r  t o  o b t a i n  s a m p le s  o f  t h e  e x t r a c e l l u l a r  l i q u i d  r a p i d l y  f o r  
a n a l y s i s ,  b u t  t h i s  method i s  o n l y  s u f f i c i e n t l y  a c c u r a t e  when t h e  u p t a k e  
s y s te m  s t u d i e d  i s  a g a i n s t  a  c o n c e n t r a t i o n  g r a d i e n t .  The d e v e lo p m e n t  o f  
r a d i o a c t i v e  i s o t o p e  methods which  a r e  now a l m o s t  i n v a r i a b l y  u s e d ,  has  
f a c i l i t a t e d  p e r m e a b i l i t y  s t u d i e s  c o n s i d e r a b l y ,  and  e n a b l e s  e s t i m a t i o n  
o f  t r a n s p o r t e d  s o l u t e  even  a f t e r  i t  h a s  unde rgone  b i o c h e m i c a l  r e a c t i o n s  
w i t h i n  t h e  c e l l .  The p rob lem  o f  f o l l o w i n g  t r a n s p o r t  s y s t e m s  when t h e  
s o l u t e  may be t r a n s f o r m e d  o r  m e t a b o l i z e d  a f t e r  e n t r y  i n t o  t h e  c e l l  has  
b e e n  t a c k l e d  i n  o t h e r  ways .  N o n - m e t a b o l i z a b l e  s u b s t r a t e s  may be 
s u b s t i t u t e d  -  f o r  i n s t a n c e  oC-methyl  g l u c o s i d e  i n  t h e  s t u d y  o f  t h e  
p h o s p h o e n o l p y r u v a t e  s u g a r  p h o s p h o t r a n s f e r a s e  o f  E.  c o l i  (Kabak,  1 9 70 ) .  
A n o t h e r  method  m ea s u res  e f f l u x  o f  a n o n - m e t a b o l i z e d  s o l u t e  wh ich  o c c u r s
c o n c u r r e n t l y  w i t h  e n t r y  o f  a m e t a b o l i z e d  s o l u t e  -  f o r  i n s t a n c e  s o r b o s e
0
o u t f l o w  d u r i n g  u p t a k e  o f  o t h e r  m o i ^ a c c h a r i d e s  i n  S a c c h .  c e r e v i s i a e  
(W i lk in s  & C i r i l l o ,  1 9 6 5 ) .  Development  o f  methods o f  i s o l a t i n g  mem­
b r a n e  v e s i c l e s  has  l e d  t o  c o n s i d e r a b l e  a d v a n c e s  i n  knowledge  o f  
mechanisms o f  membrane t r a n s p o r t ,  s i n c e  many o f  t h e  c y t o p l a s m i c
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enzyme s y s te m s  can  be e l i m i n a t e d .  (Methods o f  s t u d y i n g  c e l l  membrane 
t r a n s p o r t  a r e  d i s c u s s e d  i n  g r e a t e r  d e t a i l  i n  numerous p u b l i c a t i o n s ,  e . g .  
B ro n n e r  & K l e i n z e l l e r  (1970)  and Kotyk & J a n a c e k  ( 1 9 7 0 ) ) .
I n d i r e c t  Methods -  t u r b i d i m e t r y  .
T h i s  method r e l i e s  on t h e  phenomenon f i r s t  r e p o r t e d  by 0skov  (1935)  
t h a t  c e l l s  i n  s u s p e n s i o n  t r a n s m i t  l e s s  l i g h t  a s  t h e y  s h r i n k .  Measurement  
of  o p t i c a l  e x t i n c t i o n  o f  s u s p e n s i o n s  o f  c e l l s  i n  s o l u t e  s o l u t i o n s  can 
t h u s  g i v e  an i n d i c a t i o n  o f  c e l l  s i z e ,  i . e .  d e g r e e  o f  c e l l  s h r i n k a g e  
( p l a s m o l y s i s )  o r  s w e l l i n g .  Movement o f  t h e  s o l u t e  a c r o s s  t h e  c e l l  
membrane,  r e s u l t i n g  i n  change o f  c e l l  s i z e ,  can  be f o l l o w e d  by m o n i t o r i n g  
t h e  o p t i c a l  e x t i n c t i o n  v a l u e  of. t h e  c e l l  s u s p e n s i o n .  A l t h o u g h  t h i s  
method i s  n o t  q u a n t i t a t i v e  i t  ha s  a number o f  a d v a n t a g e s :  d e t e r m i n a t i o n
o f  s o l u t e  c o n c e n t r a t i o n s  and  a l l  t h e  accom panying  d i f f i c u l t i e s  a r e  
e l i m i n a t e d ;  e x t r e m e l y  r a p i d  t r a n s p o r t  can  be m o n i t o r e d  by u s e  of  
s u i t a b l e  s p e c t r o p h o t o m e t r i c  t e c h n i q u e  ( e . g .  t h e  s t o p p e d - f l o w  s p e c t r o ­
p h o t o m e t e r  o f  G ibson  & M i l n e s ,  1964)  and t h e  method o n l y  t a k e s  a c c o u n t  
o f  o s m o t i c a l l y  a c t i v e  s o l u t e .  E x t i n c t i o n  r e a d i n g s  a r e  g e n e r a l l y  t a k e n  
i n  t h e  r e g i o n  500-700  nrn t o  a v o i d  s p e c i f i c  a b s o r p t i o n  due t o  v a r i o u s  
c e l l  c o n s t i t u e n t s .  I n  s i t u a t i o n s  where  t h e  r e f r a c t i v e  i n d e x  o f  t h e  
s u s p e n d i n g  s o l u t i o n  i s  h i g h ,  a l l o w a n c e  must  be made f o r  i t s  e f f e c t  i n  
r e d u c i n g  t h e  a p p a r e n t  e x t i n c t i o n  v a l u e  o f  c e l l  s u s p e n s i o n s  (Myers,
P r o v o s t  & Vis sem an ,  1 9 6 7 ) .
A s i m i l a r  method o f  s t u d y i n g  p e r m e a b i l i t y  i n v o l v e s  t h e  u s e  o f  
o s m o t i c a l l y  s e n s i t i v e  s p h e r o p l a s t s  i n  i s o t o n i c  s o l u t i o n .  A d d i t i o n  o f  
a s o l u t e  which  i s  a c t i v e l y  t r a n s p o r t e d  r e s u l t s  i n  l y s i s  o f  t h e  s p h e r o ­
p l a s t s  ( M i t c h e l l  & Moyle,  1956;  Knowles ,  1 9 7 1 ) .  C o n c e n t r a t i o n s  of  
i n t e r n a l  s o l u t e  can  be d e t e r m i n e d  a t  v a r i o u s  t i m e s  by a c y t o l y t i c  method 
-  a l i q u o t s  a r e  t r a n s f e r r e d  t o  a  s e r i e s  o f  s o l u t i o n s  o f  d i f f e r i n g  o s m o t i c  
p r e s s u r e s  and t h e  s o l u t i o n  i n  wh ich  50^^ l y s i s  o c c u r s  t a k e n  as  e q u i v a l e n t
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t o  t h e  i n t e r n a l  o s m o t i c  p r e s s u r e  (Kotyk & J a n a c e k ,  1 9 7 0 ) .  Th is  method 
o n l y  m ea s u res  o s m o t i c a l l y - a c t i v e  s o l u t e .
A n o t h e r  p o s s i b l e  method o f  s t u d y i n g  s o l u t e  u p t a k e  i s  t o  u s e  
i n t e r f e r e n c e  m ic r o s c o p y  t o  m o n i t o r  c y t o p l a s m i c  r e f r a c t i v e  i n d e x  ( B a re r  
& J o s e p h ,  1 9 5 8 ) .  Th i s  method i s  i n d i r e c t  and g i v e s  an  e s t i m a t e  o f  t h e  
t o t a l  s o l i d s  c o n c e n t r a t i o n  w i t h i n  t h e  c y to p l a s m .
4 .  V . SURVIVAL OF ORGANISMS IN DRIED FOODS
Of a l l  d r i e d  f o o d s ,  t h e  m i c r o b i o l o g y  o f  d r i e d  m i l k  and d r i e d  egg 
has  p r o b a b l y  be e n  most  s t u d i e d  b u t  t h e  i n d i c a t i o n s  a r e  t h a t  s i m i l a r  
s i t u a t i o n s  o c c u r  w i t h  a l l  d r i e d  f o o d s .  The number and t y p e s  of  
o rg an i sm s  s u r v i v i n g  t h e  d r y i n g  p r o c e s s  a r e  d e p e n d e n t  t o  some e x t e n t  on 
t h e  c o n d i t i o n s  b e f o r e  and a f t e r  d r y i n g ,  e . g .  t h e  t e m p e r a t u r e  u s e d  f o r  
e v a p o r a t i o n  o f  m i l k  p r i o r  t o  d r y i n g ,  w h e t h e r  m i l k  i s  p a s t e u r i s e d  imme­
d i a t e l y  b e f o r e  d r y i n g ,  w h e t h e r  v e g e t a b l e s  a r e  b l a n c h e d  b e f o r e  d r y i n g ,  
t e m p e r a t u r e  o f  d r y i n g ,  e t c .  N i n e t y  t o  95^ o f  o rg an i sm s  a r e  k i l l e d  on 
d r y i n g  and t h e  p r e d o m i n a n t  b a c t e r i a  i n  d r i e d  p r o d u c t s  a r e  g e n e r a l l y  
G r a m - p o s i t i v e  t h e r m o d u r i c  o r g a n i s m s  such  as  a e r o b i c  s p o r e - f o r m e r s ,  
s t r e p t o c o c c i  and a e r o c o c c i  ( e . g .  R e p o r t ,  1947;  H i g g i n b o t t o m ,  1.953; Shewan 
1953;  G a l e s l o o t  & S t e d h o u d e r s ,  1969;  H o l t z a p f f e l  & C o u t i n h o ,  1 9 6 9 ) .  
A n a e r o b ic  s p o r e f o r m e r s  a r e  n o t  n o r m a l l y  found  i n  l a r g e  numbers  u n l e s s  
t h e r e  h a s  been  o p p o r t u n i t y  d u r i n g  p r e p a r a t i o n  f o r  m u l t i p l i c a t i o n  -  
e . g .  d u r i n g  c o n c e n t r a t i o n  o f  y e a s t  o r  meat  e x t r a c t  u n d e r  vacuum 
(S k o v g a a rd ,  1 9 6 9 ) .  S i m i l a r l y ,  c o a g u l a s e - p o s i t i v e  s t a p h y l o c o c c i  may 
be p r e s e n t  i f  t h e y  have had t h e  o p p o r t u n i t y  t o  m u l t i p l y  b e f o r e  d r y i n g  
( G a l e s l o o t  & S t e d h o u d e r s ,  1 9 6 9 ) .  As w i t h  f r e e z e - d r y i n g .  G r a m - n e g a t iv e  
o r g a n i s m s  a r e  g e n e r a l l y  more s e n s i t i v e  t o  d r y i n g  and c o n s e q u e n t l y  o c c u r  
i n  s m a l l e r  numbers  t h a n  do G r a m - p o s i t i v e  o r g a n i s m s .  Organisms s u c h  as  
f a e c a l  c o l i f c r m s  and  s a l m o n e l l a e  may s t i l l  be d e t e c t e d  i n  d r i e d  f o o d s ,  
e i t h e r  t h r o u g h  s u r v i v a l  o f  o rg an i s m s  p r e s e n t  i n  t h e  o r i g i n a l  food
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( a l t h o u g h  99^  o f  s a l m o n e l l a e  a r e  k i l l e d  by d r y i n g  i n  egg ( Ingram  & 
B ro o k s ,  1952 ) ) ,  o r  by p o s t - p r o c e s s  c o n t a m i n a t i o n .
S t u d i e s  on t h e  e f f e c t  o f  s t o r a g e  o f  d r i e d  foods  show t h a t  numbers  
o f  v i a b l e  o rg an i s m s  f a l l  w i t h  t im e  ( e . g .  J o h n s ,  1944;  Shewan,  1953;  
P l a n i n c  & M i l o h n o j a ,  1 9 6 9 ) .  R a te  o f  d e a t h  i n c r e a s e s  w i t h  i n c r e a s i n g  
t e m p e r a t u r e  o f  s t o r a g e  ( J o h n s ,  1944;  Shewan,  1953;  Banwar t  & A y r e s ,  
1956)  and i s  d e p e n d e n t  on t h e  w a t e r  a c t i v i t y  o f  t h e  f o o d .  H i g g i n ­
b o t tom  ( 1953 ) found  t h a t  maximum s u r v i v a l  i n  d r i e d  m i lk  o c c u r r e d  d u r i n g  
s t o r a g e  a t  r e l a t i v e  h u m i d i t i e s  b e tw een  5 and 20^ .  Shewan (1953)  found  
t h a t  v i a b l e  c o u n t s  on f i s h  mea l  f e l l  more r a p i d l y  when i t  was s t o r e d  a t  
r . h . ' s  above 50^ and B anw ar t  & Ayres  (1956)  found  t h a t  t h e  d e a t h  r a t e  
i n  d r i e d  egg albumen was g r e a t e r  a t  6 ^  t h a n  a t  jf o  m o i s t u r e .  C a r l s o n  
& Snoeyenbos  (1970)  found  t h a t  t h e  r a t e  o f  d e a t h  o f  s a l m o n e l l a e  was 
d i r e c t l y  p r o p o r t i o n a l  t o  t h e  a^  up  t o  l e v e l s  wh ich  p e r m i t t e d  g row th  i n  
a n im a l  f e e d .
Not a l l  m i c r o - o r g a n i s m s  show t h a t  same r e s i s t a n c e  d u r i n g  s t o r a g e .  
Shewan (1953)  showed t h a t  i n  d r i e d  f i s h  meal  a t  low s t o r a g e  t e m p e r a t u r e s  
(0  and  10° )  a c h r o m o b a c t e r  and c o r y n e b a c t e r i a  c o u l d  be i s o l a t e d  a f t e r  
s t o r a g e ,  w h i l s t  a t  h i g h e r  s t o r a g e  t e m p e r a t u r e s  o n l y  m i c r o c o c c i  s u r v i v e d .  
I n  d r i e d  m i l k  a e r o b i c  s p o r e f o r m e r s  a p p e a r e d  t o  s u r v i v e  b e t t e r  t h a n  a l l  
o t h e r  b a c t e r i a  u n d e r  c o n d i t i o n s  o f  e x t r e m e  d r y n e s s  ( l e s s  t h a n  10^  
r e l a t i v e  h u m i d i t y )  o r  above 50^ r . h .  ( H i g g in b o t to m ,  1 9 5 3 ) .  At  60 -  75^  
r . h .  i n  d r i e d  m i l k  t h e r e  i s  no d e c r e a s e  i n  numbers  o f  y e a s t s  and moulds 
a t  room t e m p e r a t u r e  ( P l a n i n c  & M i l o h n o j a ,  1 9 6 9 ) .  V i r u s  s t a b i l i t y  i n  
d r i e d  fo o d s  v a r i e s  w i d e l y .  A s t u d y  by O l i v e r ,  K o s t e n b a d e r  & V a l l e n a s
( 1970 ) showed t h a t  m y x o - v i r u s e s  p e r s i s t  f o r  a much s h o r t e r  t im e  t h a n  
e n t e r o v i r u s e s ,  and t h a t  t h e  l o w e r  t h e  t e m p e r a t u r e  o f  s t o r a g e  t h e  l o n g e r  
t h e y  p e r s i s t ,  however ,  t h e  l e v e l  o f  m o i s t u r e  had  no e f f e c t .
S t o r a g e  o f  d r i e d  p r o d u c t s ^ c o n t a m i n a t e d  w i t h  s a l m o n e l l a e ^ a t  s u i t a b l y
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e l e v a t e d  t e m p e r a t u r e s  and  r e l a t i v e  humid i t i e s  can  be u s e d  t o  e l i m i n a t e  
, VL
them, ( L i^ ,  Snoeyenbos  & C a r l s o n ,  1969a;  McBee & C o t t e r i l l ,  1971)  b u t  
t h i s  t r e a t m e n t  may be i m p r a c t i c a b l e  b e c a u s e  o f  unwanted  s i d e - e f f e c t s  i n  
t h e  p r o d u c t .  I t  i s  u n d e s i r a b l e  t o  r e l y  on s t o r a g e  c o n d i t i o n s  t o  
e l i m i n a t e  p o t e n t i a l l y  d a n g e ro u s  p a t h o g e n s ,  s i n c e  s a l m o n e l l a e  have been  
known t o  s u r v i v e  as  l o n g  a s  t h r e e  y e a r s  i n  d r y  s i t u a t i o n s  (M iura ,  S a t a  
& Miyamae, 1 9 64 ) .  I n  t h i s  c o n t e x t  i t  i s  a l s o  o f  i n t e r e s t  t h a t  t h e
most  f r e q u e n t l y  i s o l a t e d  s a l m o n e l l a e  t e n d  t o  be s t r a i n s  w h ich  a r e  
r e l a t i v e l y  r e s i s t a n t  t o  d r y i n g  and f r e e z i n g  ( E n i i i r i  & A l f o r d ,  1 9 7 1 ) .
5 .  STUDIES ON THE BIOPHYSICAL PROPERTIES OF CELL WATER
A l t h o u g h  knowledge  o f  b i o p h y s i c a l  r e l a t i o n s h i p s  c o u ld  c a s t  con­
s i d e r a b l e  l i g h t  on f a c t o r s  a f f e c t i n g  s u r v i v a l  o f  c e l l s ,  p a r t i c u l a r l y  
u n d e r  c o n d i t i o n s  of  r e d u c e d  w a t e r  a v a i l a b i l i t y ,  c o m p a r a t i v e l y  l i t t l e  
work h a s  be e n  done .
T he re  i s  e v i d e n c e  from w a t e r  s o r p t i o n  i s o t h e r m s  t h a t  c e l l s  and 
p r o t e i n s  r e a c t  s i m i l a r l y  d u r i n g  d e h y d r a t i o n  and r e b y d r a t i o n  ( B u l l ,  1944;  
M a r s h a l l  & M u r r e l l ,  1 9 7 0 ) .  T h i s  i s  n o t  a l t o g e t h e r  u n e x p e c t e d ,  s i n c e  a 
l a r g e  p r o p o r t i o n  of  t h e  h y d r a t e d  p a r t s  o f  t h e  c e l l  i s  p r o t e i n a C e o u s . 
However ,  n u c l e i c  a c i d s  m ig h t  a l s o  have  an i m p o r t a n t  r o l e  i n  w a t e r  
r e l a t i o n s .
C o n s i d e r a b l e  i n t e r e s t  i n  t h e  r e a s o n  f o r  t h e  h i g h  h e a t  r e s i s t a n c e  
o f  b a c t e r i a l  s p o r e s ,  and t h e  p o s s i b i l i t y  t h a t  t h i s  i s  due t o  t h e i r  
lower  w a t e r  c o n t e n t ,  d i f f e r i n g  w a t e r  p e r m e a b i l i t y  o r  d i f f e r e n c e s  i n  
w a t e r  b i n d i n g ,  has  l e d  t o  a number o f  s t u d i e s ,  and t h e  s u b j e c t  was 
r e v i e w e d  by M a r s h a l l  & M u r r e l l  ( 1 9 7 0 ) ,  b u t  s t u d i e s  o f  w a t e r  r e l a t i o n s  
o f  v e g e t a t i v e  m i c r o - o r g a n i s m s  a r e  r a r e .  S t u d i e s  by Koga, E c h ig o  & 
Nunomura (1966)  o f  s o r p t i o n  i s o t h e r m s ,  h e a t  o f  v a p o r i z a t i o n ,  d i e l e c t r i c  
i n c r e m e n t ;  and NMR ( n u c l e a r  m a g n e t i c . r e s o n a n c e ) s p e c t r a  i n d i c a t e d  t h a t  
t h e r e  a r e  f o u r  r e g i o n s  o f  c e l l  w a t e r  s t a t e  i n  S a c c h .  c e r e v i s i a e .  At
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h i g h  w a t e r  l e v e l s  ( ^ 2 0 ^  m/m o r  y>0 .9 5a^J  t h e r e  i s  a ' s o l u t i o n  r e g i o n '
where  c e l l  w a t e r  f u n c t i o n s  as  a  c o n t i n u o u s  medium. T h i s  i s  f o l l o w e d
by a ' g e l  r e g i o n '  where t h e  w a t e r ,  a l t h o u g h  showing no d r a m a t i c  changes
i n  p h y s i c a l  p r o p e r t i e s ,  does  n o t  seem t o  be a v a i l a b l e  f o r  p h y s i o l o g i c a l -
t y p e  r e a c t i o n s  such  a s  r e s p i r a t i o n ,  where c o n f o r m a t i o n a l  changes  o f
h i g h - p o l y m e r  compounds must  o c c u r .  Below a b o u t  10^ w a t e r  c o n t e n t -
(a ^ 0 . 7 2 ) and 5^ w a t e r  c o n t e n t  (a ^  0 . 2 )  p r o g r e s s i v e  l o s s  o f  m o le -  w w
c u l a r  m o t io n  of  t h e  w a t e r  i s  r e f l e c t e d  i n  t h e  changes  i n  p h y s i c a l  
p r o p e r t i e s  ( d e c r e a s e d  d i e l e c t r i c  i n c r e m e n t ,  i n c r e a s e d  h e a t  o f  v a p o r i s a ­
t i o n  and d i s a p p e a r a n c e  o f  t h e  n a r r o w  MMR w a t e r - p r o t o n  p e a k )  t o  g i v e  a 
'm o b i l e  a b s o r b e d  w a t e r  r e g i o n '  and a ' l o c a l i z e d  w a t e r  r e g i o n '  r e s p e c t i v e l y .  
The f a c t  t h a t  most m i c r o - o r g a n i s m s  c a n n o t  grow be low a b o u t  a ^  0 .9 5  and 
none be low a^  0 . 6 - 0 . 7  may r e f l e c t  t h e  p h y s i o l o g i c a l  e f f e c t  o f  t h e s e  
r e g i o n s .  .
Cerbon (1964)  o b s e r v e d  s i m i l a r  c ha nges  be tw een  w e t -  and f r e e z e -  
d r i e d  c e l l s  o f  N o c a r d i a  a s t e r o i d e s , E .  c o l i  and o t r . e r  m i c r o - o r g a n i s m s .  
D i f f e r e n t i a l  s c a n n i n g  c a l o r i m e t r y  (DSC) o f  a v a r i e t y  o f  f r e e z e - d r i e d  
p r o t e i n s  h a s  a l s o  shown i n c r e a s e d  h e a t  of  v a p o r i s a t i o n  a t  low m o i s t u r e  
l e v e l s  ( B e r l i n ,  Kliman & P a l I a n s c h ,  1 9 7 0 ) .  P u e t t  (1967)  found  t h a t  
t h e  h e a t  o f  v a p o r i s a t i o n  o f  bound w a t e r  o f  v a r i o u s  p r o t e i n s  and p o l y ­
p e p t i d e s  was 70 -  100 c a l o r i e s  p e r  gram more t h a n  t h a t  f o r  f r e e  w a t e r .
Compari son  o f  t h e  w a t e r  c o n t e n t  o f  S.  m a r c e s c e n s  d u r i n g  e i t h e r  
o s m o t i c  exc hange  or  w a t e r  v a p o u r  s o r p t i o n  gave a s i m i l a r  p i c t u r e  (Bateman,  
S t e v e n s ,  M ercer  & C a r s t e n s o n ,  1 9 6 2 ) .  The r e s u l t s  were i n t e r p r e t e d  by 
c o m p a r i s o n  w i t h  c o n s t a n t s  d e r i v e d  f o r  p h y s i c a l  a b s o r p t i o n  and showed t h e  
f o l l o w i n g  zones d u r i n g  c e l l  h y d r a t i o n :
1 .  Wate r  m ono layer  f o r m a t i o n
2 .  M u l t i - l a y e r  w a t e r  u p t a k e
3 .  Osmotic  s w e l l i n g
4 .  L i m i t i n g  c e l l  volume
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A number of water sorption isotherms have been constructed to
compare t h e  p r o p e r t i e s  o f  s p o r e s  and v e g e t a t i v e  c e i l s  of  b a c i l l i  and
C l o s t r i d i a  (Waldham & H a l v o r s o n ,  1954;  N e i h o f ,  Thompson & D e i t z ,
1967;  Maeda,  P u j i t a ,  S u g i u r a  & Koga,  1968;  M a r s h a l l  & M u r r e l l ,  1 9 7 0 ) .
A l l  show t h a t  a t  low a ^  t h e  w a t e r  c o n t e n t  of. s p o r e s  i s  h i g h e r  t h a n  t h a t
o f  v e g e t a t i v e  c e l l s  b u t  a t  h i g h  a  t h e  o p p o s i t e  i s  t r u e .  The a  wherew w
t h i s  t r a n s i t i o n  o c c u r r e d  v a r i e d ,  g e n e r a l l y  be tw een  0 .5 0  and 0 . 6 7  a^^
(Waldham & H a l v e r s o n ,  1954;  M a r s h a l l  & M u r r e l l ,  1970 ) b u t  Maeda e t  a l . ,
(1968)  fo u n d  a  t r a n s i t o n  a t  0 . 7 8  a . The g r e a t e r  w a t e r  c o n t e n t  o fw
s p o r e s  a t  low a^  can be a t t r i b u t e d  t o  g r e a t e r  a f f i n i t y  f o r  w a t e r ,  and 
t h e  l o w e r  w a t e r  c o n t e n t  a t  h i g h  a^  t o  t h e  h i g h e r  c o n c e n t r a t i o n s  o f  low 
m o l e c u l a r  w e i g h t  s o l u t e s  i n  v e g e t a t i v e  o rg an i s m s  and t h e  g r e a t e r  
s t r u c t u r a l  r e s t r i c t i o n  of  s p o r e s  ( N e iho f  e t  a l . ,  1967;  M a r s h a l l  & 
M u r r e l l , 1 9 7 0 ) .
W ate r  c o n t e n t  o f  b a c t e r i a  and b a c t e r i a l  s p o r e s  h a s  be e n  d e t e r m i n e d  
by  v a r i o u s  means.  T a b l e  4 summ ari ses  some of  t h e  r e s u l t s .  Henry & 
Fhedman (1937)  d e t e r m i n e d  bound w a t e r  by d i r e c t  w e i g h in g  o f  a i r - d r i e d  
o r  b l o t t e d  c e l l s  b o t h  b e f o r e  and a f t e r  d r y i n g  a t  100 -  1 0 5 ° .  T h e i r  
r e s u l t s  d i f f e r  somewhat f rom t h o s e  o b t a i n e d  by l a t e r  w o r k e r s ,  most  o f  
whom u s e d  a  s i m i l a r  g r a v i m e t r i c  method ,  b u t  who e q u i l i b r a t e d  t h e  c e l l s  
t o  l O O f o  e . r . h .  t o  o b t a i n  t h e  w e t - w e i g h t .  Ross  & B i l l i n g  (1957)  
d e t e r m i n e d  w a t e r  c o n t e n t  f rom t h e  r e f r a c t i v e  i n d e x  (RI)  o f  t h e  c e l l s .
They assumed t h a t  t h e  s p e c i f i c  r e f r a c t i v e  i n c r e m e n t  ( i n c r e a s e  of  RI p e r  
Vfo r i s e  i n  t h e  c o n c e n t r a t i o n  m/v o f  t h e  c e l l  c o n s t i t u e n t s )  was t h e  same 
a s  t h a t . o f  p r o t e i n .  T h e i r  r e s u l t s  f o r  v e g e t a t i v e  c e l l s  seem t o  a g r e e  
q u i t e  w e l l  w i t h  t h o s e  o b t a i n e d  by o t h e r  m eth o d s ,  b u t  r e s u l t s  f o r  s p o r e s  
a r e  low er  t h a n  t h o s e  o b t a i n e d  by o t h e r  w o r k e r s .  A l l  r e s u l t s  show t h a t  
s p o r e s  have  a  lower  w a t e r  c o n t e n t  t h a n  t h e  c o r r e s p o n d i n g  v e g e t a t i v e  
c e l l s ,  w h ic h  may be a r e a s o n  f o r  t h e i r  g r e a t e r  h e a t  r e s i s t a n c e  -  a l t h o u g h  
o t h e r  b i o c h e m i c a l  and b i o p h y s i c a l  d i f f e r e n c e s  p r o b a b l y  a l s o  i n f l u e n c e  
r e s i s t a n c e .  -  55 -
TABLE 4
WATER CONTENT OF BACTERIAL SPORES AND VEGETATIVE CELLS AT HIGH aw
Organism
B a c i l l u s  s p .  s p o r e s  
B. c e r e u s
s p o r e s 65
g e r m i n a t e d s p o r e s 73
v e g e t a t i v e c e l l s 77
s p o r e s 21
- v e g e t a t i v e c e l l s 73
B. c e r e u s  v a r .  mycoides
s p o r e s 16
v e g e t a t i v e c e l l s 67
s p o r e s 70
v e g e t a t i v e c e l l s 87
B. m eg a te r iu m
s p o r e s 11
v e g e t a t i v e c e l l s 72
s p o r e s > 3 0
g e r m i n a t e d s p o r e s 70
s p o r e s 58
v e g e t a t i v e c e l l s 79
B. s u b t i l i s
s p o r e s 30
c r u s h e d  s p o r e s
S p o r e s  o f  6 b a c t e r i a l  
^  s p e c i e s
C l o s t r i d i u m  b o t u l i n u m
t y p e  A
s p o r e s 47 ' I
C l .  b o t u l i n u m  t y p e  E
s p o r e s 63 )
S e r r a t i a  m a r c e s c e n s 7 9 . 2  \
E s c h e r i c h i a  c o l i 7 9 . 0
S t a p h y l o c o c c u s  a l b u s 7 4 .6  1
S t a p h y l o c o c c u s  c i t r e u s 7 3 . 7  (
B. s u b t i l i s 7 6 . 3  \
N e i s s e r i a  c a t a r r h a l i s 7 7 . 5  J
Water  (% of  
t o t a l  v e t  
w e i g h t )
44
13 .1
11^
60
40-80
R e f e re n c i
°Waldham & H a l v o r s o n  (1954)
^Black & G e r h a r d t  (1962)
'Ross  & B i l l i n g  (1957)
Henry  & F r ie dm a n  (1937)
'Ross  & B i l l i n g  (1957)  
^Lewis (1961)
^Henry & F r iedm an  (1937)
^ N e ih o f  e t  a l .  (1967)  
^ 'M arsha l l  e t  a l .  (1963)
*Grecz  e t  a l .  ( l 9 7 0 )
V e b b  (1960b)
^ V a lu e s  o b t a i n e d  by w e i g h i n g  a f t e r  d r y i n g  and a f t e r  e q u i l i b r a t i o n  a t  lOO^r .h .
^ V a lues  d e t e r m i n e d  by d r y i n g  from a s u s p e n s i o n  w i t h  a  known w e i g h t  of  
i n t e r c e l l u l a r  w a t e r
°VaTues d e t e r m i n e d  by measurem ent  o f  r e f r a c t i v e  i n d e x ,  a s su m in g  t h a t  
t h e  r e f r a c t i v e  i n c r e m e n t  o f  b o t h  s p o r e s  and v e g e t a t i v e  c e l l s  was
0 .0 0 1 8  ( see  t e x t  f o r  d e f i n i t i o n ) .
^ V a l u e s  o b t a i n e d  by w e i g h i n g  c e l l s  i n i t i a l l y  a f t e r  ( a )  b l o t t i n g  o r  
(b)  a f t e r  a i r - d r y i n g  and t h e n  a f t e r  o v e n - d r y i n g .
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6 . TES EFFECT OF REDUCED WATER ACTIVITY ON HEAT RESISTANCE
I t  h a s  lo n g  been  known t h a t  o rg an i s m s  become more h e a t  r e s i s t a n t  
•unde r  d r y  c o n d i t i o n s  b u t  l i t t l e  work h a s  been  done t o  q u a n t i f y  t h i s  
e f f e c t ,  and most  s t u d i e s  have been  c a r r i e d  o u t  i n  o r d e r  t o  g a i n  
e m p i r i c a l  knowledge  o f  t h e  t r e a t m e n t  r e q u i r e d  t o  e l i m i n a t e  o rg an i s m s  
from p a r t i c u l a r  s i t u a t i o n s  ( e . g .  food  p o i s o n i n g  o r g a n i s m s  from d r i e d  
f oods  ) .
6 . i .  THE DETERMINATION OF HEAT RESISTANCE .
N orm a l ly  o r g a n i s m s  a r e  exposed  t o  i n c r e a s i n g  d o s e s  o f  h e a t  and 
t h e  number s u r v i v i n g  b e f o r e  and a f t e r  t r e a t m e n t  a r e  d e t e r m i n e d .  
V i a b i l i t y  i s  j u d g e d  f rom  t h e  a b i l i t y  t o  m u l t i p l y  ( i . e .  t o  p roduce  
m a c r o c o l o n i e s )  s i n c e  t h i s  can be d e t e r m i n e d  c o n v e n i e n t l y  by v i a b l e  
c o u n t  t e c h n i q u e s .
With  b a c t e r i a  (on w h ich  most  work has  been  c a r r i e d  o u t )  t h e  d e a t h  
r a t e  i s  o f t e n  l o g a r i t h m i c ,  and a d i r e c t  r e l a t i o n s h i p  may be o b t a i n e d  
by  p l o t t i n g  t im e  a t  a p a r t i c u l a r  t e m p e r a t u r e  a g a i n s t  t h e  l o g ^ ^  of  t h e  
number o f  o rg an i sm s  o r  more u s u a l l y ,  l o g  s u r v i v i n g  f r a c t i o n ,  s i n c e  t h i s  
a l l o w s  a  b e t t e r  c o m p a r i s o n  be tw e en  d i f f e r e n t  s u r v i v a l  c u r v e s .  T h i s  
s t r a i g h t  l i n e  r e l a t i o n s h i p  h a s  been  i n t e r p r e t e d  as  i n d i c a t i n g  t h a t  
d e a t h  i s  c a u se d  by i n a c t i v a t i o n  o f  o n l y  one s i t e  p e r  c e l l  -  g i v i n g  a 
f i r s t - o r d e r  r e a c t i o n  r e l a t i o n s h i p .  A n o t h e r  common t y p e  o f  s u r v i v a l  
c u rv e  i s  t h a t  i n  which  t h e r e  i s  an  i n i t i a l  ' s h o u l d e r '  b e f o r e  d e a t h  
becomes e x p o n e n t i a l  ( F i g . 1 ,  c u rv e  B ) .  W i th  s p o r e s  t h e r e  may be an
i n i t i a l  a p p a r e n t  i n c r e a s e  i n  numbers  b e f o r e  t h e  d e c r e a s e ,  due t o  t h e
a c t i v a t i n g  e f f e c t  o f  h e a t  on s p o r e  g e r m i n a t i o n  ( F i g .  1 , c u r v e  C ) .
D e a th  r a t e  i n  cu rv e  A and i n  t h e  s t r a i g h t  p a r t  o f  c u rv e  B can be
d e s c r i b e d  by t h e  g e n e r a l  f o r m u l a :
^  = 1 -  (1 -  exp (-k^)jP^
o
where  N = i n i t i a l  c e l l  p o p u l a t i o n  n = e x t r a p o l a t i o n  number e q u a l
N = number o f  s u r v i v o r s  i n t e r c e p t  on y  a x i s
k  = i n a c t i v a t i o n  c o n s t a n t ,  or
d = dose  ( t im e  o f  h e a t i n g )  s l o p e
„  S7 -
When n = 1 ( as  w i t h  c u rv e  A) : .
N / , \ d, —  = exp ( - k )
o
( R o b e r t s  & H i t c h i n s ,  1969)
Prom t h i s  t h e  s l o p e  can  be r e a d i l y  c a l c u l a t e d .  U s u a l l y  r e s i s t a n c e  
i s  e x p r e s s e d  a s  ' D ' v a l u e s  (d e c im a l  r e d u c t i o n  t im e )  c a l c u l a t e d  a s  t h e  
t im e  r e q u i r e d  a t  a  p a r t i c u l a r  t e m p e r a t u r e  t o  r e d u c e  t h e  number o f
o r g a n i s m s  by 90^.  A p a r t  f rom  a , t h e  D v a l u e  o f  an  o r g a n i s m  a t  any
, , ^
p a r t i c u l a r  t e m p e r a t u r e  i s  a f f e c t e d  by v a r i o u s  e n v i r o n m e n t a l  f a c t o r s  -  
t h e  p r e s e n c e  of  p r o t e i n s ,  f a t s ,  s a l t s ,  a m i ro  a c i d s ,  e t c . ,  a s  w e l l  a s  
t h e  pH, t h e  age o f  t h e  c u l t u r e  ( w he the r  i t  i s  i n  t h e  l o g  p h a s e , . 
s t a t i o n a r y  p h a s e ,  e t c . )  and t o  some e x t e n t  t h e  r e c o v e r y  medium (Hansen 
& Riemann,  1963;  H a r r i s ,  1963 ;  R o b e r t s  & H i t c h i n s ,  1 9 6 9 ) .  I f  l o g  D 
v a l u e s  f o r  an o r g a n i s m  u n d e r  a p a r t i c u l a r  s e t  o f  h e a t i n g  c o n d i t i o n s  
a r e  p l o t t e d  a g a i n s t  t e m p e r a t u r e ,  a n o t h e r  s t r a i g h t  l i n e  i s  o b t a i n e d ,  
and  t h e  s l o p e  o f  t h i s  l i n e  ( t h e  z - v a l u e  -  t h e  number o f  d e g r e e s  r e q u i r e d  
t o  e f f e c t  a  t e n f o l d  change  i n  D - v a l u e )  i s  f a i r l y  c o n s t a n t  f o r  a g i v e n  
o r g a n i s m  r e g a r d l e s s  o f  v a r i a b l e s  su c h  a s  t h e  h e a t i n g  medium.
O c c a s i o n a l l y  a t w o - p h a s e  c u rv e  may be o b t a i n e d  ( F i g .  1 ,  c u rv e  D ) . 
T h i s  may i n d i c a t e  a  mixed c u l t u r e ,  o r  l e s s  commonly, a p o p u l a t i o n  w i t h  
a  p r o p o r t i o n  o f  more r e s i s t a n t  c e l l s .  Curves  such  a s  t y p e  E ( F ig  1) 
ca n  a l s o  be o b t a i n e d  and may r e p r e s e n t  t h e  p r e s e n c e  o f  c e l l s  w i t h  a 
wide r a n g e  of  r e s i s t a n c e .  ' T a i l i n g '  can  be due t o  a  v e r y  s m a l l  p r o ­
p o r t i o n  o f  r e s i s t a n t  c e l l s ,  b u t  i s  more o f t e n  due t o  p r o t e c t i o n  o f  a 
few due t o  d r y i n g  e f f e c t s ,  o r  l o w e r  t e m p e r a t u r e  b e c a u s e  o f  e v a p o r a t i o n  
a t  t h e  s u r f a c e  o f  t h e  l i q u i d  d u r i n g  h e a t i n g ,  o r  t o  e r r o r s  i n  c o u n t i n g  
s m a l l  numbers  o f  o r g a n i s m s .  Clumping o f  c e l l s  can  a l s o  g i v e  ' s h o u l d e r s '  
on s u r v i v a l  c u rv e s  (Stumbo,  1 9 6 5 ) .  A u s e f u l  i n d e x  o f  r e s i s t a n c e ,  
wh ich  p a r t i a l l y  e l i m i n a t e s  d i f f i c u l t i e s  due t o  n o n - l i n e a r  c u r v e s ,  i s  t o  
r e c o r d  t h e  t im e  r e q u i r e d ,  t o  g i v e  a p a r t i c u l a r  s u r v i v i n g  f r a c t i o n  ( e . g .  
1 0 "^ ). -  58 -
T i m e
FIGURE 1 F iv e  g e n e r a l  t y p e s  of  h e a t  s u r v i v a l  c u r v e s
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The most  common methods  f o r  d e t e r m i n i n g  h e a t  r e s i s t a n c e  i n v o l v e  
e i t h e r  a d d i n g  a  s m a l l  volume of  b a c t e r i a l  s u s p e n s i o n  t o  a l a r g e  volume 
of  h e a t i n g  mens truum a l r e a d y  a t  t h e  d e s i r e d  t e m p e r a t u r e ,  r em oving  
samples  a t  i n t e r v a l s ,  and c o o l i n g  by d i l u t i o n ,  or  by subm erg ing  s a m p le s  
i n  s m a l l  s e a l e d  c o n t a i n e r s  and w i t h d r a w i n g  them a t  a p p r o p r i a t e  i n t e r v a l s .  
The s e cond  method i s  more t im e - c o n s u m i n g  b u t  c o n s i d e r e d  b e t t e r  b e c a u s e  
i t  e l i m i n a t e s  e r r o r s  due t o  s u r f a c e  e v a p o r a t i o n .
T a b le  5 compares  t h e  h e a t  r e s i s t a n c e  of  a number of  o r g a n i s m s ,  a s  
f a r  as, p o s s i b l e  u n d e r  s i m i l a r  c o n d i t i o n s .  Many s t u d i e s  o f  t h e  h e a t  
r e s i s t a n c e  o f  b o t h  s p o r i n g  and n o n - s p o r i n g  b a c t e r i a  have be e n  c a r r i e d  
o u t ,  b u t  d e t a i l e d  i n f o r m a t i o n  on h e a t  r e s i s t a n c e  of  moulds and y e a s t s  
i s  r a r e .  Most work on t h e s e  o r g a n i s m s  h a s  i n v o l v e d  o n l y  d e t e r m i n a t i o n  
o f  t h e r m a l  d e s t r u c t i o n  t i m e s  -  t h e  t im e  ne e ded  a t  a p a r t i c u l a r  t e m p e r a ­
t u r e  t o  k i l l  a l l  o f  a g i v e n  p o p u l a t i o n  -  v e r y  o f t e n  t h e  o r i g i n a l  
number o f  o r g a n i s m s  i s  n o t  s t a t e d .  A l s o  i t  i s  d i f f i c u l t  t o  d e t e r m i n e  
D - v a l u e s  o f  m y c e l i a l  c u l t u r e s .  I n  g e n e r a l ,  y e a s t s  a r e  r e l a t i v e l y  h e a t  
s e n s i t i v e  and f u n g a l  s p o r e s  a r e  more r e s i s t a n t  t h a n  t h e  mycel ium (Sussman,  
1 9 6 8 ) ,  some h a v i n g  a r e s i s t a n c e  a p p r o a c h i n g  t h a t  of  b a c t e r i a l  s p o r e s .  
V i r u s e s  a r e  g e n e r a l l y  h e a t - s e n s i t i v e  and would  be e l i m i n a t e d  by p a s t e u r i ­
s a t i o n  t r e a t m e n t s  ( S u l l i v a n  e t  a l . ,  1 9 7 1 ) .
6 .  i i .  THE EFFECT OF REDUCED WATER ACTIVITY IN THE ABSENCE OF SOLUTES
S t u d i e s  by M u r r e l l  & S c o t t  (J.957 ; 1966)  w i t h  b a c t e r i a l  s p o r e s
e q u i l i b r a t e d  i n  a tm o s p h e r e s  o f  d i f f e r i n g  r e l a t i v e  h u m i d i t i e s  showed
t h a t  h e a t  r e s i s t a n c e  was much i n c r e a s e d  be low 0 .9 5  a and t h a t  maximumw
r e s i s t a n c e  o c c u r r e d  be tw een  0 . 2  and 0 . 4  a . T j o a ,  Hoffmann & G r e c z 
(1973)  s u g g e s t  t h a t  maximum h e a t  r e s i s t a n c e  i s  o b t a i n e d  i n  s p o r e s  a t  
t h e  a^ l e v e l  where t h e y  b i n d  w a t e r  most  s t r o n g l y ,  and t h a t  more h e a t  
r e s i s t a n t  s t r a i n s  b i n d  w a t e r  more s t r o n g l y  o v e r  a w i d e r  r a n g e  o f  a ^ .  
S t u d i e s  o f  Hoffman,  G am bi l l  & Buchanan (1968)  and Drummond & P f l u g
62 -
(1970)  w i t h  s t r a i n s  o f  B. s u b t i l i s  s p o r e s  h e a t e d  on m e t a l  s t r i p s  showed
t h a t  h e a t  r e s i s t a n c e  was a f f e c t e d  by b o t h  t h e  h u m i d i t y  and t h e  g rowth
medium b e f o r e  h e a t i n g  and t h a t  r e s u l t s  v a r i e d  w i t h  s t r a i n  ( e . g .
e q u i l i b r a t i o n  a t  11% r . h .  p r i o r  t o  d r y - h e a t i n g  may i n c r e a s e  r e s i s t a n c e
o f  one s t r a i n  w h i l e  e q u i l i b r a t i o n  a t  85% r . h .  may g iv e  i n c r e a s e d
r e s i s t a n c e  i n  a n o t h e r ) .  A r e c e n t  r e p o r t  ( A l d e r t o n  & H a l b r o o k ,  1973)
i n d i c a t e s  t h a t  h e a t  r e s i s t a n c e  of  (Salm.  typhim.urium) v e g e t a t i v e  c e l l s
e q u i l i b r a t e d  t o  v a r i o u s  r e l a t i v e  h u m i d i t i e s  i n c r e a s e s  i n  a manner
s i m i l a r  t o  t h a t  o b s e r v e d  f o r  s p o r e s ,  g i v i n g  a maximum h e a t  r e s i s t a n c e
i n  t h e  r e g i o n  0 -  O'.2 a .w ■
6 .  i i i .  RESISTANCE IN DRIED FOODS
S t u d i e s  on d r i e d  a n im a l  f e e d ,  d r i e d  m i l k  and s i m i l a r  p r o d u c t s  
have shown t h a t  h e a t  i n a c t i v a t i o n  o f  s a l m o n e l l a e  i s  most  r a p i d  a t  h i g h  
m o i s t u r e  l e v e l s ,  (Riemann,  1968;  L i u ,  Snoeyenbos  & C a r l s o n ,  1969b;  
McDonagh & H a r g ro v e ,  1 9 6 8 ) .  R e s i s t a n c e  o f  s a l m o n e l l a e  i n  c h o c o l a t e  
i s  a l s o  many t i m e s  t h a t  i n  h i g h  a^  s i t u a t i o n s ,  and can  be r e d u c e d  by 
a d d i n g  more w a t e r ,  a l t h o u g h  i t  i s  u n l i k e l y  t h a t  thd.s would  i n c r e a s e  
a ^  b e c a u s e  of  t h e  p r e s e n c e  o f  s o l i d  s u g a r  ( G o e p f e r t  & B i g g i e ,  1968;  
B a r r i l e  & Cone, 1 9 7 0 ) .  C o m p a ra t iv e  r e s u l t s  w i t h  f e e d s  a r t i f i c i a l l y  
and n a t u r a l l y  c o n t a m i n a t e d  w i t h  s a l m o n e l l a e  have shown t h a t  n a t u r a l l y  
c o n t a m i n a t i n g  o r g a n i s m s  a r e  most  r e s i s t a n t  (Rasmussen,  Hansen ,  J a c o b s  
& W i l d e r ,  1 9 6 4 ) ,  and t h a t  ' s i m u l a t e d  n a t u r a l l y  c o n t a m i n a t e d '  o rg an i s m s  
(grown i n  a s l u r r y  o f  t h e  fo o d  u n d e r  i n v e s t i g a t i o n )  a l s o  have  g r e a t e r  
r e s i s t a n c e  t h a n  o rg an i s m s  grown i n  l a b o r a t o r y  media and show more 
s e n s i t i v i t y  t o  m o i s t u r e  c o n t e n t  (L iu  e t  a l . ,  1 9 6 9 b ) = P r i o r  e q u i l i b r a ­
t i o n  o f  o rg an i s m s  w i t h  t h e  food  i n  q u e s t i o n  seems t o  be i m p o r t a n t ,  
and t h e r e  may w e l l  be a p r o t e c t i v e  e f f e c t  due t o  c l o s e r  a s s o c i a t i o n  o f  
n a t u r a l l y  o c c u r r i n g  o r g a n i s m s  w i t h  t h e  p r o t e i n ,  f a t s ,  e t c . ,  o f  t h e  f o o d .
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ACTIVITY WITH VARIOUS SOLUTES
S t u d i e s  on t h e  e f f e c t  of  s o l u t e s  on h e a t  r e s i s t a n c e  a r e  num erous ,  
b u t  r e s u l t s  a r e  n o t  a lw a ys  c o n s i s t e n t  and  a r e  somet imes  d i f f i c u l t  t o  
compare b e c a u s e  of  t h e  d i f f e r e n t  ways u s e d  t o  e x p r e s s  s o l u t e  ' c o n c e n t r a ­
t i o n s ,  e . g .  % w / v ,  w/w, m o l a r i t y ,  m o l a l i t y ,  e t c . ,  and b e c a u s e  t e s t s  
have a l s o  been  c a r r i e d  o u t  i n  v a r i o u s  fo o d s  o r  n u t r i e n t  media  where 
r e s i s t a n c e  may be m o d i f i e d  by o t h e r  f a c t o r s .
The m a j o r i t y  o f  s t u d i e s  o f  t h e  r e l a t i o n s h i p  be tw een  h e a t  r e s i s t a n c e
and a^  have  b e e n  made w i t h  b a c t e r i a .  However ,  W a l l ac e  & T a nne r  (1931)
o b s e r v e d  no change i n  r e s i s t a n c e  o f  six. mould s t r a i n s  i n  s o l u t i o n s  of
sodium c h l o r i d e  ( l  -  6%), w h i l e  r e s u l t s  i n  s u c r o s e  s o l u t i o n s  (10 ,  25
and 50%) were v a r i a b l e .  B a um ga r tne r  & W a l l a c e  (1934)  found  no change
o f  r e s i s t a n c e  o f  yeasts i n  s u c r o s e  s o l u t i o n s ,  w h i l e  Rahn (1928)  d i d
o b s e r v e  an  i n c r e a s e .  The more d e t a i l e d  i n v e s t i g a t i o n  o f  G ibson  (1970,
1973)  u s i n g  two s t r a i n s  o f  o s m o p h i l i c  y e a s t s  su s p en d e d  i n  s o l u t i o n s  o f
s u c r o s e  or  s u c r o s e - g l u c o s e  m i x t u r e s  t o  g i v e  a  r an g e  o f  a^  from 0 .995
t o  0 . 7 0 6 ,  showed o v e r a l l  i n c r e a s e s  o f  r e s i s t a n c e ,  b u t  r e s i s t a n c e  d i d
n o t  i n c r e a s e  l i n e a r l y  w i t h  d e c r e a s i n g  a .w
S t u d i e s  on t h e  e f f e c t  o f  s o l u t e s  on r e s i s t a n c e  o f  s p o r e - f o r m i n g  
b a c t e r i a  a r e  more e x t e n s i v e  b e c a u s e  o f  t h e i r  im p o r t a n c e  i n  r e l a t i o n  t o  
c a n n i n g ,  b u t  r e s u l t s  a r e  i n c o n s i s t e n t .  V i l j o e n  (1926)  found  t h a t  
s u c r o s e  had no c o n s i s t e n t  p r o t e c t i v e  e f f e c t  on s p o r e s  i n  pe a  l i q u o r  and 
B a u m g a r tn e r  & W a l l a c e  (1934)  found  t h a t  up t o  50% s u c r o s e  was w i t h o u t  
e f f e c t  on t h e  r e s i s t a n c e  o f  C l .  s p o r o g e n e s  or  B. s u b t i l i s . On t h e  
o t h e r  h a n d ,  Weiss  (1921)  found  t h a t  C l .  b o t u l i n u m  s p o r e s  had  enhanced  
r e s i s t a n c e  i n  s u c r o s e  s o l u t i o n ,  and A nd e r s o n ,  E s s e l e n  & F e l l e r s  (1949)  
n o t e d  i n c r e a s e d  r e s i s t a n c e  o f  B. co&gulans i n  50% g l u c o s e  o r  s u c r o s e  i n  
b r o t h .  R e s u l t s  o f  B ra un ,  Hays & B en jam in  (1941)  w i t h  a number of
- 64
c l o s t r i d i a  showed t h a t  s u c r o s e  was p r o t e c t i v e  w i t h  some s t r a i n s  and 
n o t  w i t h  o t h e r s .
W ith  sodium c h l o r i d e  r e s u l t s  a l s o  v a r y ;  V i l j o e n  (1926)  found  t h a t  
up t o  4% NaCl i n  pea l i q u o r  was p r o t e c t i v e  t o  s p o r e s  b u t  A n d e r s o n  e t  a l .  
( 1949 ) f ound  t h a t  1 - 8 %  NaCl r e d u c e d  t h e  h e a t  r e s i s t a n c e  o f  B. c o a g u i a n s  
s p o r e s  i n  tom a to  j u i c e .
R e s u l t s  w i t h  v e g e t a t i v e  c e l l s  seem t o  be a l i t t l e  more c o n s i s t e n t .  
E a r l y  work  by Fay (1934)  w i t h  E. c o l i  i n  s u c r o s e  and g l u c o s e  s o l u t i o n s  
showed t h a t  b o t h  were p r o t e c t i v e  b u t  t h a t  c o m p a r i s o n s  o f  s o l u t i o n s  o f  
e q u a l  o s m o t i c  p r e s s u r e  showed s u c r o s e  t o  be more p r o t e c t i v e .  E q u i l i ­
b r a t i o n  o f  t h e  c e l l s  i n  s u c r o s e  b r o t h  p r i o r  t o  h e a t i n g  r e s u l t e d  i n  
i n c r e a s e d  r e s i s t a n c e  b u t  on c o n t i n u e d  s t o r a g e  t h e  r e s i s t a n c e  a g a i n  
d e c r e a s e d .  A v a r i e t y  o f  s u g a r s  (0.5M i n  b r o t h )  were found  t o  be 
p r o t e c t i v e  f o r  E .  c o l i  (B a u m g a r tn e r ,  1 9 3 8 ) .  S h i p p  (1964)  found  t h a t  
81% s u g a r - s o l i d s  s y r u p  was p r o t e c t i v e  f o r  S a l m o n e l l a  typhimur ium ..
R e c e n t l y  more d e t a i l e d  s t u d i e s  have been  c a r r i e d  ou t  t o  d e t e r m i n e  w h e t h e r  
t h e r e  i s  a d i r e c t  r e l a t i o n s h i p  be tw een  a^  and h e a t  r e s i s t a n c e  a p p l i c a b l e  
t o  s o l u t e s ,  p a r t i c u l a r l y  s u g a r s .  The e f f e c t  o f  NaCl on h e a t  r e s i s t a n c e  
o f  s a l m o n e l l a e  i n  b r o t h  h a s  been  i n v e s t i g a t e d ,  by B a i r d - P a r k e r , B o o t h -  
royd  & J o n e s  (1970)  and on E .  c o l i , Ps_. f l u o r e s c e n s  and S t a p h ,  a u r e u s  
i n  p h o s p h a t e  b u f f e r  by Ca lhoun  & F r a z i e r  (1 9 6 6 ) .  The l a t t e r  w o r k e r s  
found  t h a t  t h e r e  was nb c o n s i s t e n t  p r o t e c t i v e  e f f e c t  w i t h  t h e  t h r e e  
o r g a n i s m s  i n v e s t i g a t e d .  Sodium c h l o r i d e  p r o t e c t e d  E.  c o l i  and S t a p h . 
a u r e u s  b u t  made P s . f l u o r e s c e n s  more s e n s i t i v e ,  w h i l e  pmor g rowth  i n  a
h i g h  s a l t  n u t r i e n t  b r o t h  a t  s i m i l a r  a  i n c r e a s e d  r e s i s t a n c e  of  E .  c o l iw . . ■--------------
and P s . f l u o r e s c e n s  b u t  made l i t t l e  d i f f e r e n c e  w i t h  S t a p h ,  a u r e u s .
The s t u d i e s  o f  B a i r d - P a r k e r  e t  a l . (1970)  show t h a t  o v e r  t h e  a^ r a n g e
0 .3 5  -  0 . 9 8 ,  sod ium c h l o r i d e  i n  b r o t h  i n c r e a s e d  t h e  r e s i s t a n c e  of  
r e l a t i v e l y  h e a t  s e n s i t i v e  s t r a i n s  o f  s a l m o n e l l a e ,  b u t  d e c r e a s e d  t h e
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r e s i s t a n c e  o f  r e l a t i v e l y  h e a t  r e s i s t a n t  s t r a i n s .  The same a u t h o r s  
a l s o  examined t h e .  e f f e c t  on h e a t  r e s i s t a n c e  o f  g l y c e r o l ,  and  s u c r o s e  i n
r
t h .  G l y c e r o l  i n  t h e  h e a t i n g  medium had  an  e f f e c t  s i m i l a r  t o  t h a t  o f
sodium c h l o r i d e ,  w h i l e  s u c r o s e  i n c r e a s e d  t h e  r e s i s t a n c e  o f  a l l  s t r a i n s
examined ,  b u t  t h e  r e l a t i v e  i n c r e a s e  was g r e a t e r  f o r  t h e  more h e a t
s e n s i t i v e  s t r a i n s .  The a u t h o r s  c o n c lu d e d  t h a t  t h e r e  was no c o n s i s t e n t
r e l a t i o n s h i p  be tw een  h e a t  r e s i s t a n c e  and a ^ .  A w i d e r  s u r v e y  o f  t h e
e f f e c t s  o f  s u g a r  s o l u t i o n s  ( i n  0 .0 1  M p h o s p h a te  b u f f e r )  on h e a t
r e s i s t a n c e  of  s a l m o n e l l a e  was made by G o e p f e r t ,  I s k a n d e r  & Amundson
( 1970 ) and G o e p f e r t  ( 1 9 7 2 ) .  They a l s o  c o n c lu d e d  t h a t  t h e r e  was no
d i r e c t  c o r r e l a t i o n  be tw een  a and h e a t  r e s i s t a n c e  and t h a t  w i t h  aw
r e l a t i v e l y  h e a t  r e s i s t a n t  s a l m o n e l l a  s t r a i n  (S a l m . s e n f t e n b e r g  775 W)
r e s i s t a n c e  was i n c r e a s e d  l e s s  t h a n  w i t h  t h e  o t h e r  s t r a i n s .  Comparison
o f  r e s i s t a n c e  o f  Salm.  m o n te v id e o  i n  a s e r i e s  o f  s o l u t i o n s  a t  0 . 9 6  a------------------------   w ,
showed t h e  o r d e r  o f  p r o t e c t i o n  t o  be s u c r o s e  ^  s o r b i t o l  ^  f r u c t o s e  ^
g l y c e r o l .  The a d d i t i o n  o f  1% g l u c o s e  t o  40% s u c r o s e  s o l u t i o n  (a 0 . 9 6 )w
r e d u c e d  t h e  D -v a lu e  o f  t h e  S a lm .m o n te v id eo  a t  57 .2^C from 16 t o  9 
m in u t e s  ( F o s t e r ,  G o e p f e r t  & D e i b e l ,  1 9 7 0 ) .  P r i o r  g rowth  i n  media  w i t h  
a  r e d u c e d  a ^  i n c r e a s e d  r e s i s t a n c e  when g l y c e r o l  b u t  n o t  s u c r o s e  was 
t h e  c o n t r o l l i n g  s u b s t a n c e .  P r i o r  g r o w th  i n  g l u c o s e - c o n t a i n i n g  media  
i n c r e a s e d  t h e  r e s i s t a n c e  o f  E.  c o l i  and P s .  f l u o r e s c e n s  b u t  d e c r e a s e d  
t h e  r e s i s t a n c e  o f  S t a p h ,  a u r e u s  i n  g l u c o s e - c o n t a i n i n g  s o l u t i o n s  (Ca lhoun  
& F r a z i e r ,  1 9 6 6 ) .
E x t e n d i n g  i n v e s t i g a t i o n s  i n t o  l e s s  d e f i n e d  c o n d i t i o n s  C o t t e r i l l  & 
G l a u e r t  (1969a & b)  i n v e s t i g a t e d  t h e  e f f e c t  o f  sodium c h l o r i d e  and 
s u c r o s e  i n  c o n c e n t r a t i o n s  up  t o  10% (w/v)  i n  whole e g g ,  egg y o l k  and 
t r y p t o n e  soya  b r o t h  (TSB) on t h e  h e a t  r e s i s t a n c e  o f  Salm.  o r a n i e n b e r g  
and  Salm.  h e i d e l b e r g . Ten p e r  c e n t  s a l t  i n  egg c a u se d  a h i g h  i n i t i a l  
d e a t h  r a t e ,  b u t  s u b s e q u e n t l y  t h e  d e a t h  r a t e  was lower  t h a n  t h a t  w i t h
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10% s u g a r  i n  egg .  Maximum r e s i s t a n c e  w i t h  sodium c h l o r i d e  was a c h i e v e d  
a t  10% i n  egg p r o d u c t s  b u t  a t  o n l y  4% i n  TSB. Sucrose,  c o n f e r r e d  maximum 
h e a t  r e s i s t a n c e  a t  10% i n  a l l  m ed ia .  S t o r a g e  o f  the  s a l m o n e l l a e  i n  
s a l t e d  egg  p r o d u c t s  o r  TSB w i t h  s a l t  b e f o r e  h e a t i n g  r e s u l t e d  f i r s t l y  i n  
i n c r e a s e d  h e a t  r e s i s t a n c e  and s e c o n d l y ,  a f t e r  c o n t i n u e d  s t o r a g e ,  a 
d e c r e a s e  i n  r e s i s t a n c e  was o b s e r v e d .  T h i s  c y c l e  o c c u r r e d  more r a p i d l y  
a t  h i g h e r  s t o r a g e  t e m p e r a t u r e s .  Kadan,  M a r t i n  & M ic k e l s e n  (1963)  
found  t h a t  s u c r o s e  was p r o t e c t i v e  t o  S t a p h ,  a u r e u s i n  raw skimmed m i l k ;
30 m i n u t e s  a t  60°C k i l l e d  a l l  t h e  o r g a n i s m s  when up t o  14% (w/w) s u g a r  
was p r e s e n t ;  above 14% t h e  number o f  s u r v i v o r s  i n c r e a s e d  a s  t h e  con­
c e n t r a t i o n  o f  s u g a r  was i n c r e a s e d  up t o  57% -  t h e  maximum u s e d .
The i n v e s t i g a t i o n  o f  S e n h a j i  (1973)  on t h e  p r o t e c t i v e  a c t i o n  o f  • 
f a t s  d u r i n g  h e a t i n g  o f  b a c t e r i a  showed i t  t o  be an a e f f e c t .  When t h e  
t e m p e r a t u r e  o f  a f a t - i n - w a t e r  e m u l s io n  i s  i n c r e a s e d ,  t h e  s o l u b i l i t y  o f
w a t e r  i n  f a t  a l s o  i n c r e a s e s  and t h e  a  i n  t h e  f a t  i s  d e c r e a s e d  f o r  aw
t im e  which  depends  on t h e  s i z e  o f  t h e  f a t  p a r t i c l e s  and t h e  r a t e  of  
d i f f u s i o n  o f  w a t e r .
7 .  THE MECHANISM OF HEAT DAMAGE
7 .  i .  AT HIGH WATER ACTIVITY
A l t h o u g h  t h e r e  h a s  b e e n  c o n s i d e r a b l e  i n t e r e s t  i n  u n d e r s t a n d i n g  t h e  
mechanism o f  c e l l  d e a t h  a t  r e l a t i v e l y  low l e t h a l  t e m p e r a t u r e s ,  i t  i s  
s t i l l  u n c l e a r  what  i s  t h e  c r i t i c a l  f a c t o r  o r  w h e t h e r  t h e r e  a r e  one or  
more c a u s e s  o f  c e l l  d e a t h .  Allwood & R u s s e l l  ( l 9 7 0 b )  have  r e c e n t l y  
r e v i e w e d  t h e  s u b j e c t .
S t u d i e s  w i t h  S t a p h ,  a u r e u s  (Allwood & R u s s e l l ,  1966,  1967,  1968,
1970;  l a n d o l o  & O r d a l ,  1966;  S o g in  & O r d a l ,  1967)  have shown l o s s  o f  
p o t a s s i u m  i o n s ,  amino a c i d s ,  p r o t e i n ,  260 m n -a b s o rb i n g  m a t e r i a l  (RNA),
RNY. d e g r a d a t i o n ,  and membrane damage d u r i n g  h e a t i n g  a t  5 0 ° - 6 0 °C .
S t r a n g s  & Shon (1964)  fo u n d  s i m i l a r  l e a k a g e  p r o d u c t s  f rom A e r o b a c t e r
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a e r o g e n e s  i n c l u d i n g  p o t a s s i u m ,  i n o r g a n i c  p h o s p h a t e ,  t r a c e s  o f  magnesium 
and c a l c i u m ,  and h y p c x a n t h i n e , b e s i d e s  e v i d e n c e  o f  RNA d e g r a d a t i o n .  
R u s s e l l  & H a r r i e s ,  (1968)  and B e uc ha t  & Lechowich. (1968)  a l s o  found  
l o s s  o f  RNA on h e a t i n g  E.  c o l i . S t u d i e s  by H a i g h t  & M o r i t a  (1966)  and 
Ken is  & M o r i t a  (1962)  on V i b r i o  m ar inus  showed l o s s  o f  DNA i n  a d d i t i o n  
t o  RNA, p r o t e i n  and  amino a c i d s .  The r e s u l t s  o f  Nash & S i n c l a i r  (1968)  
w i t h  a p s y c h r o p h l i c  y e a s t ,  i n d i c a t e  t h a t  h e a t  damage i s  s i m i l a r  t o  t h a t  
in. b a c t e r i a .  C o r r e l a t i o n  be tw een  f a t t y  a c i d  c o m p o s i t i o n ,  g row th  
t e m p e r a t u r e  and h e a t  r e s i s t a n c e  a t  4 8 . 5 °  was d e m o n s t r a t e d  by Hansen
( 1 9 7 1 ) i n  E.  c o l i , a g a i n  i n d i c a t i n g  t h a t  membrane damage was a f a c t o r .
There  i s  e v id e n c e  t o  s u p p o r t  t h e  t h e o r y  t h a t  r i b o s o m a l  RNA 
d e g r a d a t i o n  i s  o f  p a r t i c u l a r  im p o r ta n c e  i n  c e l l  d e a t h  ( S t r a n g e  & Shon,  
1964;  l a n d o l o  & O r d a l ,  1966;  S o g i n  &  O r d a l ,  1 9 6 7 ) .  ^ R i b o s o m a l  RNA, 
a d e n o s i n e  t r i p h o s p h a t e ,  and p r o t e i n ^ ^ y n t h e s i ^ ^ a v e  a l l  be e n  d e m o n s t r a t e d  
d u r i n g  r e c o v e r y  o f  Sa lm.  t yph im ur ium  from t h e r m a l  i n j u r y  (Toml ins  &
O r d a l , 1971a &  b ) .  Damage t o  t h e  c e l l  membrane may a l s o  c a u s e  d e a t h  
due t o  l e a k a g e  ( l a n d o l o  & O r d a l ,  1966;  B e u c h a t  & Lechowich ,  1 9 68 ) .
B rock  ( 1969 ) c o n s i d e r s  t h a t  t h e r m o p h i l e s  may p o s s e s s  a s t r o n g e r  c e l l  
membrane b e s i d e s  h a v i n g  some h e a t  r e s i s t a n t  enzymes (Thompson &
Thompson, 1962)  and t h e r e  i s  e v i d e n c e  t h a t  t h e r m o p h i l i c  r ib o s o m e s  have 
h i g h e r  h e a t  s t a b i l i t y  t h a n  do t h o s e  from m e s o p h i l e s  (Pace & Campbel l  1967)  
F u r t h e r  s t u d i e s  o f  t h e r m o p h i l e s  may a l s o  t h row  l i g h t  on t h e  mechanisms 
o f  h e a t  r e s i s t a n c e .  Mild h e a t i n g  c a u s e s  DNA s t r a n d  b r e a k a g e  i n  E.  c o l i  
( B r i d g e s ,  Ashwood-Smith  & Munson, 1969;  Sedgewick  & B r i d g e s ,  1972)  and in  
Sa lm.  typh im ur ium  (Gomez, S i n s k e y ,  Dav ie s  &  L abuza ,  1973; Gomez &
S i n s k e y ,  1 9 73 ) .  Hea t  r e s i s t a n t  s t r a i n s  o f  S t a p h ,  a u r e u s  (Grun & Yo,
1964)  and Sa lm.  t y p h im u r iu m  (C or ry  & R o b e r t s ,  1970)  have b e e n  o b t a i n e d  
by  r e p e a t e d  s u b l e t h a l  h e a t i n g  i n  a  way s i m i l a r  t o  t h a t  u s e d  f o r  t h e  
d e v e lo p m e n t  o f  r a d i a t i o n  r e s i s t a n t  m u ta n t s  ( e . g .  Gaden & H e n l e y ,  1953;
-  68  -
Erdman, T h a t c h e r  & MacQueen, 1 9 6 1 ) .
P r o t e i n  d é n a t u r a t i o n  h a s  been  s u g g e s t e d  a s  a  c a u s e  o f  t h e r m a l  
d e a t h  s i n c e  good n u m e r i c a l  c o r r e l a t i o n  has  been  found  be tw e en  th e r m o ­
dynamic p a r a m e t e r s  i n  p r o t e i n  d é n a t u r a t i o n  and d e a t h  r a t e s  f o r  m i c r o ­
o rg an i s m s  ( R ose nbe rg ,  Kemeny, S w i t z e r  & H a m i l to n ,  1 9 7 1 ) .  P r o t e i n  
d é n a t u r a t i o n  i s  a l s o  s u g g e s t e d  by S c h e i e  & E h r e n s p e k  (1973)  as  a  p r i m a r y  
c a u se  of  t h e r m a l  d e a t h .  They s u g g e s t  t h a t  t h e  p lasm a  membrane r u p t u r e s  
a t  a p o i n t  where p r o t e i n  h a s  d e n a t u r e d ,  and  l y s i s  e n s u e s .
The e f f e c t  of  low c o n c e n t r a t i o n s  o f  s o l u t e s  i n  t h e  h e a t i n g  medium 
seems t o  be d i s t i n c t  f rom t h e  e f f e c t  o f  h i g h e r  c o n c e n t r a t i o n s ,  where 
a^  i s  a l s o  a  f a c t o r ,  a s  m en t io n e d  a bove .  M oats ,  Dabbah & Edwards (1971)  
examined  t h e  e f f e c t s  o f  a v a r i e t y  o f  s o l u t e s  ( s a l t s ,  amino a c i d s ,  
s u g a r s ,  e t c . )  a t  low c o n c e n t r a t i o n  on t h e  h e a t  r e s i s t a n c e  o f  S a l m .
anaturn and c o u ld  n o t  a t t r i b u t e  v a r i a t i o n s  i n  h e a t  r e s i s t a n c e  t o  t h e  a . --------------------------------------------------------------------- w
( A l l  t h e  media  had h e a t i n g  a ^ ^  0 . 9 9  e x c e p t  5 and 10% NaCl,  wh ich  was
l e s s  p r o t e c t i v e  t h a n  some o t h e r  s o l u t i o n s . )  C h e m ic a l l y  s i m i l a r  s o l u t i o n s
gave w i d e l y  d i f f e r i n g  s u r v i v a l .
S t r a n g e  & Shon (1964)  found  t h a t  KCl and NaCl i n  c o n c e n t r a t i o n s
o v e r  0 . 1  M i n c r e a s e d  d e a t h  i n  d i s t i l l e d  w a t e r .  The d e a t h  r a t e  was
d e c r e a s e d  by a n a e r o b i c  c o n d i t i o n s  o r  magnesium i o n s .  Magnesium i o n s
( 0 . 0 0 5 -  0 .0 1  M) have be e n  shown t o  i n c r e a s e  t h e  s t a b i l i t y  o f  r ib o s o m e s
i n  v i t r o  (von d e r  Decken,  1967 ) and magnesium s t a r v a t i o n  d u r i n g  g row th
c a u s e s  d i s i n t e g r a t i o n  o f  r i b o s o m a l  p a r t i c l e s  ( K e n n e l l  & K o t o u l a s ,  1 9 6 7 ) .
Magnesium i o n s  a l s o  p l a y  a r o l e  i n  membrane s t a b i l i t y  ( M c Q ui l le n ,  I 9 6 0 ) .
S t r a n g e  & Shon (1964)  found  t h a t  w a sh ing  c e l l s  i n  s o l u t i o n s  o f  NaCl or
2+KCl b e f o r e  h e a t i n g  r e d u c e d  r e s i s t a n c e  by d i s p l a c i n g  Mg from c e l l s  o f  
A. a e r o g e n e s  and  t h a t  a d d i t i o n  of  0 .0 0 5  M MgSO^ r e v e r s e d  t h e  l e t h a l  
e f f e c t  o f  s u g a r s ,  and sodium and p o t a s s i u m  s a l t s  i n  t h e  medium. Al lwood 
& R u s s e l l  ( l 9 7 0 a )  found  t h a t  IM s u c r o s e  and 0.5M NaCl i n c r e a s e d  RNA
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d e g r a d a t i o n  and l e a k a g e  a t  60°C b u t  d e c r e a s e d  i t  a t  50^C, w h i l e  d e a t h  
was u n a f f e c t e d  e x c e p t  f o r  a  s l i g h t  p r o t e c t i v e  e f f e c t  o f  NaCl a t  50°C.  
Magnesium i o n s  (up t o  O.IM) r e d u c e d  t h e  l o s s  o f  260 ipgv-absorbing m a t e r i a l s  
a t  50°C b u t  n o t  60°C.  The e f f e c t  on v i a b i l i t y  was n o t  r e c o r d e d .  E . 
c o l i  c e l l s  a r e  more s e n s i t i v e  t o  o sm o t i c  shock  a f t e r  h e a t i n g ,  e s p e c i a l l y  
i f  t h e y  have  been  d e p l e t e d  o f  p o t a s s i u m  i o n s  -  t h i s  p r o b a b l y  r e f l e c t s  
h e a t - i n d u c e d  membrane damage (A l lw ood , 1 9 7 1 ) .
7 .  i i .  IN DRY CONDITIONS
S i n c e  t h e  mechanism o f  h e a t  damage u n d e r  no rm al  ' w e t '  c o n d i t i o n s  
i s  i n c o m p l e t e l y  u n d e r s t o o d  i t  i s  d i f f i c u l t  t o  d e c i d e  why m i c r o ­
o r g a n i s m s  a r e  more r e s i s t a n t  i n  ' d r y '  c o n d i t i o n s .  I t  seems l i k e l y  
t h a t  l o s s  o f  w a t e r  makes h e a t  l a b i l e  compounds more h e a t  s t a b l e .
P r o t e i n  i s  a  g o o d 'e x a m p le  o f  such a  compound and h a s  b e e n  shown t o  be 
more s t a b l e  a t  low a ^ ( L i n g ,  1 9 67 ) .  The lower  w a t e r  c o n t e n t  o f  s p o r e s  
compared w i t h  v e g e t a t i v e  c e l l s  h a s  l o n g  been  c o n s i d e r e d  one r e a s o n  f o r  
t h e i r  i n c r e a s e d  h e a t  r e s i s t a n c e .  Grecz  e t  a l . (1970)  showed t h a t  a 
h e a t  r e s i s t a n t  s t r a i n  o f  C l .  b o t u l i n u m  was more h y g r o s c o p i c  t h a n  a h e a t  
s e n s i t i v e  s t r a i n .  S i m i l a r  s t u d i e s  w i t h  v e g e t a t i v e  o r g a n i s m s  m igh t  
r e v e a l  d i f f e r e n c e s  i n  t h e  b i o p h y s i c a l  p r o p e r t i e s  o f  c e l l  w a t e r .
A p o s s i b l e  e x p l a n a t i o n  f o r  t h e  v a r y i n g  e f f e c t s  o f  s o l u t e s  a t
d i f f e r e n t  a ^  on h e a t  r e s i s t a n c e  c o u l d  be t h a t  some s o l u t e s  can  p e n e t r a t e
t h e  c e l l  membrane and may p h y s i c a l l y  a f f e c t  t h e  s t a b i l i t y  o f  c e l l u l a r
c o n s t i t u e n t s .  The s i t u a t i o n  becomes s t i l l  more complex i f  t h e  o r g a n i s m s
can  a l s o  m e t a b o l i s e  t h e  s o l u t e .  S t u d i e s  o f  w a t e r / p r o t e i n  s y s te m s  shOw
t h a t  t h e  w a t e r  i s  o r i e n t a t e d  i n  m u l t i - l a y e r s  a round  t h e  p r o t e i n  and
t e n d s  t o  e x c lu d e  s o l u t e s .  E x c l u s i o n  v a r i e s  w i t h  m o l e c u l a r  s i z e  and
t h e  number of  H-bonds  p o s s e s s e d  by t h e  s o l u t e s .  Wate r  i n  s h e ep  wool  a t
+e q u i l i b r i u m  o n l y  accommodates  10-20% o f  t h e  Na i n  t h e  e x t e r n a l  medium. 
R e l a t i v e  e x c l u s i o n  o f  s o l u t e s  f rom an i o n  exchange  r e s i n  ( s u l p h o n a t e
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t y p e ;  H fo rm )  f o l l o w s  t h e  o r d e r  s u c r o s e > x y l o s e > g l y c e r o l > e t h y l e n e
g l y c o l ^  m e t h a n o l .  The same s e q u en c e  h o l d s  t r u e  i n  t h e i r  e x c l u s i o n
from human r e d  b lo o d  c e l l s  and  m usc le  c e l l s  (L ing ,  1 9 6 7 ) .  I f  s o l u t e s
r e d u c e  t h e  p r o t e i n  s t a b i l i t y  when t h e y  p e n e t r a t e  t h e  w a t e r  l a y e r ,  i t
m ig h t  be e x p e c t e d  t h a t  d é n a t u r a t i o n  o f  p r o t e i n  would  f o l l o w  t h e  same
s e quenc e  a t  a g i v e n  a  . The d a t a  o f  G o e p f e r t  e t  a l .  (1970)  m en t io n e dw
p r e v i o u s l y ,  s u p p o r t s  t h i s  h y p o t h e s i s .  On t h e  o t h e r  h a n d ,  some s o l u t e s  
s t a b i l i s e  p r o t e i n s  i n  a q ue ous  s o l u t i o n s  i n  v i t r o  -  f o r  i n s t a n c e  J a r a b a k  
e t  a l . (1962)  showed t h a t  a  d e h y d r o g e n a s e  was s t a b i l i s e d  by g l y c e r o l ,  
a  number o f  g l y c o l s  and g l y c o l  e t h e r s ,  a s  w e l l  a s  s u c r o s e  and e t h a n o l ,  
H a r t ,  R u s s e l l  & Cooper (1971)  found  t h a t  s o l u b l e  c o l l a g e n  was s t a b i l i s e d  
by g l y c e r o l  and o t h e r  s h o r t - c h a i n  d i o l s  w i t h  t e r m i n a l  h y d r o x y - g r o u p s ,  and 
Yasumatsu  e t  a l . (1965)  showed t h a t  enzymes were p r o t e c t e d  by h i g h  
c o n c e n t r a t i o n s  o f  a number o f  p o l y h y d r i c  a l c o h o l s ,  p a r t i c u l a r l y  g l y c e r o l  
and s o r b i t o l .  Ger lsma (1968;  1970)  a t t r i b u t e d  t h e  h e a t - s t a b i l i z i n g
a b i l i t y  o f  s o r b i t o l  and e r i t h r i t o l  on enzymes t o  e r e d u c t i o n  o f  t h e  
h y d r o g e n - b o n d  r u p t u r i n g  c a p a c i t y  o f  t h e  medium.
8 .  CONCLUSIONS
A l t h o u g h  a c o n s i d e r a b l e  amount  o f  i n f o r m a t i o n  i s  a v a i l a b l e  con­
c e r n i n g  t h e  e f f e c t s  o f  h e a t i n g  and d r y i n g  on v a r i o u s  m i c r o - o r g a n i s m s  
un d e r  a  wide v a r i e t y  o f  c o n d i t i o n s ,  l a c k  o f  knowledge o f  b a s i c  mechanisms 
o f  damage makes a n a l y s i s  o f  r e s u l t s  d i f f i c u l t  and p r e d i c t i o n  o f  t h e  
e f f e c t  o f  o t h e r  c o n d i t i o n s  i m p o s s i b l e .
W ate r  a c t i v i t y  i s  a u s e f u l  c o n c e p t  when c o n s i d e r i n g  s u i t a b i l i t y  o f  
media  f o r  m i c r o b i a l  g r o w th ,  a l t h o u g h  t h e  c o n t e n t s  o f  t h e  media  t h e m s e l v e s  
have  some i n f l u e n c e ,  p a r t i c u l a r l y  when one s o l u t e  i s  p r e s e n t  i n  h i g h  
c o n c e n t r a t i o n .  However ,  a l t h o u g h  a^  u n d o u b t e d l y  a f f e c t s  h e a t  r e s i s t a n c e ,  
t h e r e  i s  no s im p le  r e l a t i o n s h i p  b e tw een  t h e s e  two p a r a m e t e r s .  Any 
s o l u t e  p r e s e n t  i n  t h e  h e a t i n g  medium and a b l e  t o  p e r m e a t e  t h e  c e l l  w a l l
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a n d / o r  c e l l  membrane w i l l  u n d o u b t e d l y  a f f e c t  c e l l  s t a b i l i t y .  F u r t h e r  
s t u d y  o f  t h e  e f f e c t s  o f  h y p e r t o n i c  s o l u t i o n s . and p e r m e a b i l i t y  may th ro w  
some l i g h t  on t h i s  a s p e c t .  C o n s i d e r a t i o n  o f  f r e e z e - d r y i n g ,  s u r v i v a l  
i n  a e r o s o l s  and  d r y - h e a t  i s  c o m p l i c a t e d  by t h e  p o s s i b l i t y  t h a t  damage 
may be t h e  r e s u l t  o f  i n t e r a c t i o n s  be tw een  s e v e r a l  f a c t o r s ^
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PART III
THE ASSIMILATION OF SUGARS AND POLYOLS BY 
SALMONELLAE AND YEASTS
1. INTRODUCTION
I t  v a s  c o n s i d e r e d  t h a t  a b i l i t y  t o  u t i l i z e  t h e  s o l u t e s  u s e d  i n  t h e  
h e a t i n g  m e n s t ru a  m igh t  v e i l  p rove  t o  be a f a c t o r  i n  d e t e r m i n i n g  d e g r e e  
o f  h e a t  r e s i s t a n c e »  A s s i m i l a t i o n  o f  s o l u t e s  v a s  a s s e s s e d  by u s e  o f  
an  a u x a n o g r a p h i c  method (from t h e  Greek  : o t V  I  g r o v ;
v r i t i n g )  v h i c h  e n a b l e d  r a p i d  s c r e e n i n g  o f  s u b s t r a t e s  and o r g a n i s m s  ( se e  
Method b e l o v ) .
2. MATERIALS & METHODS 
Organisms
Y e a s t s  A -  P and b a c t e r i a  s t r a i n s  2871 ,  4987 ,  39H, 5735 ,  9676,  665,  
1797,  775W, 2095 and 1143 ( s a l m o n e l l a e ) ;  8297 ( a r i z o n a ) ;  C5 (E.  c o l i )
v e r e  exam ined .
S u b s t r a t e s
The f o l l o v i n g  s u b s t r a t e s  were u s e d  i n  t h e  a s s i m i l a t i o n  t e s t s :  
a r a b i n o s e ,  d u l c i t o l ,  f r u c t o s e ,  g a l a c t o s e ,  g l u c o s e ,  g l y c e r o l ,  i n o s i t o l ,  
l a c t o s e ,  m a l t o s e ,  m a n n i t o l ,  mannose,  m e l e z i t o s e ,  m e l i b i o s e ,  r a f f i n o s e ,  
rham nose ,  s o r b i t o l ,  s u c r o s e ,  t r e h a l o s e  and x y l o s e .
A s s i m i l a t i o n  t e s t s
The a u x a n o g r a p h ic  method o f  B a r n e t t  & Ingram (1955)  v a s  u s e d .  T h i s  
i n v o l v e d  p r e p a r a t i o n  o f  a s o l i d  min imal  medium c o n t a i n i n g  n i t r o g e n  s o u r c e  
and n e c e s s a r y  v i t a m i n s ,  b u t  no c a rb o n  s o u r c e ,  s e ed e d  w i t h  a m i c r o ­
o r g a n i s m .  Sm all  q u a n t i t i e s  ( c a . 5mg) o f  s o l i d  s u b s t r a t e s  v e r e  p l a c e d  
on t h e  s u r f a c e  o f  t h e  medium and  t h e  d i s h e s  examined  f o r  e v id e n c e  o f  
growth  a f t e r  s u i t a b l e  p e r i o d s  o f  i n c u b a t i o n .
P r e p a r a t i o n  o f  i n o c u l a
B a c t e r i a  v e r e  s t r e a k e d  on to  NA p l a t e s  and i n c u b a t e d  a t  37 f o r  
18 h ,  and  y e a s t s  v e r e  s t r e a k e d  on to  PDA and i n c u b a t e d  a t  25° f o r  two d a y s .  
The o r g a n i s m s  were washed o f f  t h e  s u r f a c e  o f  t h e  a g a r  and d i l u t e d  i n  
minimal  medium t o  g i v e  a b o u t  10 b a c t e r i a  p e r  ml .  o r  10^ y e a s t  c e l l s  p e r  
ml .  These  s u s p e n s i o n s  v e r e  i n c u b a t e d  a t  room t e m p e r a t u r e  f o r  3 h o u r s
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t o  e n s u r e  u t i l i z a t i o n  o f  a n y  endogenous  s u b s t r a t e s .  One ml was t h e n/ . ■ o'added  t o  100 ml o f  the.  m o l t e n  m in imal  medium a t  45 , t o  which  had  b e e n
added  a  n i t r o g e n  s o u r c e  and v i t a m i n s .
P r e p a r a t i o n  o f  a u x a n o g r a p h i c  a g a r
S i m i l a r  media  were u s e d  f o r  b o t h  t h e  b a c t e r i a  and t h e  y e a s t s :
T ra ce  e l e m e n t s  (y,,g/1 ) : b o r i c  a c i d ,  500;  CuS0^.5H20,  40 ;  K l ,  100;
FeCl- .ôHgO,  200;  MnSO^^dUgO, 400 ;  (NH^)2Mo0^,200;
ZnSO^.TH^O. 400 .4 2  ‘
V i t a m in s  ^ x g / l ) :  t h i a m i n e  ( a n e u r i n e )  HOI, 400 ;  b i o t i n ,  2;
c a l c i u m  p a n t o t h e n a t e ,  400 ;  f o l i c  a c i d ,  2;  
n i c o t i n i c  a c i d ,  400 ;  p - a m i n o - b e n z o i c  a c i d ,  200 ;  
p y r i d o x i n e  HCl, 400;  r i b o f l a v i n ,  200;  i n o s i t o l ,  
2000 ( y e a s t s  o n l y ) .  S t e r i l i z e d  by  f i l t r a t i o n .
S a l t s  ( g / l ) :  MgSO^, 0 . 5 ;  NaCl,  0 . 1 ;  CaCl^,  0 . 1 ;  KH^PO^, 1 . 0
( y e a s t s  o n l y ) ;  K H ^ P O ^ b a c t e r i a  o n l y ) ; Na^HPO^, I '> 6  
( b a c t e r i a  o n l y ) ;  NH^SO^, 4 . 0 .
The medium was s o l i d i f i e d  by  u s e  o f  2^ D i f c o  s p e c i a l  (Noble )  a g a r .  The 
p h o s p h a t e  and v i t a m i n s  were added a t  t h e  same t im e  a s  t h e  c e l l  i n o cu lum .
The f i n a l  pH o f  t h e  medium was a b o u t  7 f o r  t h e  b a c t e r i a  and 5 f o r  t h e  
y e a s t s .
P r e p a r a t i o n  o f  auxanograms
The s e e d e d  a g a r  medium was d i s p e n s e d  i n t o  9 cm p l a s t i c  P e t r i  
d i s h e s ,  (20 ml p e r  d i s h )  and d r i e d  open and i n v e r t e d  f o r  t h r e e  h o u r s  a t  
3 7 ° .  The p l a t e s  were marked o u t  i n t o  t h r e e  e q u a l  a r e a s  and a s m a l l  
q u a n t i t y  ( a b o u t  5 mg) o f  d r y  u n s t e r i l i z e d  s u b s t r a t e  adde d  a t  t h r e e  
e q u a l l y - s p a c e d  p o i n t s  round  t h e  edge o f  t h e  d i s h ,  one i n  e ach  of  t h e
t h r e e  a r e a s .  G lucose  was u s e d  as  a  p o s i t i v e  c o n t r o l  on e a ch  d i s h .
The d i s h e s  were i n c u b a t e d  r i g h t  s i d e  u p ,  and examined  a f t e r  18 h a t  37°
V b a c t e r i a ;  or  d a t  25 ( y e a s t s ) .  P o s i t i v e  r e s u l t s  were i n d i c a t e d  by
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P o i n t  o f  a d d i t i o n  
o f  s u b s t r a t e
Z o n e  o f  g r o w t h
F i g u r e  2 T y p i c a l  auxanogram show ing . tw o  p o s i t i v e  
r e s u l t s  and  one n e g a t i v e  r e s u l t .
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B a c t e r i a :
2 87 1  +  — + + + +  NT — 4 - 4 - 4 -  — 4- — — — 4- —
4 9 8 7  4- 4" -f -t- -f- +  • NT. — 4- - f - - f  — -j- — -r 4- — -f- 4-
39H 4- -f- -f -f 4- -f ■ NT — 4 - - f 4 - ~  —
57.35 — 4- -l- -f -l- -f NT — - f 4 - - f c  — -f — ? -f — 4- - f
9676 — — -f -f- 4- 4- NT — -f ? 4- — 4- — ? + — ? -(-
665 -f 4" -t- -f- 4- -f NT — -f. 4 4- — 4 —> 4 4 — 4 4
1797 4 4 4 4 4 4 NT — 4 4 4 — 4 — 4 4 — 4 4
775V 4 4 -,4 4 4 4 NT — 4 4 4 — 4 •- 4 4 — 4 4
1143 4 4 4 4 4 4 NT — 4 4 4 — 4 — 4 4  — 4 4
2095 4 4 4 4 4 4 NT — 4 4 4  — 4 — 4 4  — 4-1-
8297 4 4 4 4 4 4 NT — 4 4 4 — 4 — 4 4  — -f- 4
C5 4 — - Î - 4 . 4 - 1 -  NT 4 — 4 4  — 4 — — 4 — 4 4
Y e a s t s :
A -  -  4 -  4 -  _ _ _ 4 -  -  -  -  -  4 -  -
B — — 4 — 4 ?  — — — — 4 — — — 4 — 4 —
C — — 4 — 4 ? — — — 4 4 — — 4 —, 4 4 — —
D — — 4 — 4 4  — — 4 ? 4 4 — 4 — — 4 4 4
E — — 4 — 4 4  — — 4 ?  4 4  — 4 — —. 4 4 . 4
P — — 4 — 4 — — 4 — 4 4 — 4 — - r 4 * t - 4
TABLE 6 A b i l i t y  o f  y e a s t s  and b a c t e r i a  t o  u t i l i z e  v a r i o u s  s u g a r s  
a n d  p o l y o l s  as  s o l e  c a rb o n  and e n e r g y  s o u r c e ,  d e t e r m i n e d  
by  an  a u x a n o g r a p h ic  m ethod.
NT -  n o t  t e s t e d  
? -  d o u b t f u l  r e s u l t
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an a r e a  o f  growth  i n  t h e  a g a r  a ro u n d  t h e  p o i n t  where t h e  s u b s t r a t e
had  been  added ( see  P i g u r e  2 ) ,  Prompt  e x a m i n a t i o n  o f  t h e  p l a t e s  was , .
e s s e n t i a l  s i n c e  o v e r - i n c u b a t i o n  made r e a d i n g  o f  t h e  r e s u l t s  d i f f i c u l t .
3.,  RESULTS
The r e s u l t s  a r e  t a b u l a t e d  i n  Tab le  6 .  Most r e s u l t s  were q u i t e  
c l e a r  i f  t h e  p l a t e s  were  examined  i m m e d i a t e l y  a f t e r  18 h i n c u b a t i o n  a t  
37 ( b a c t e r i a )  o r  2 da y s  a t  25 ( y e a s t s ) ,  and t h e  method a l l o w e d  r a p i d  
s c r e e n i n g  o f  l a r g e  numbers  o f  s t r a i n s  o f  o rg an i s m s  and s u b s t r a t e s  . .
The s a l m o n e l l a e  u t i l i z e d  a l l  t h e  s u b s t r a t e s  u s e d  f o r  h e a t  r e s i s t a n c e  
s t u d i e s ,  e x c e p t  s u c r o s e .  PEG was n o t  t e s t e d .  The y e a s t s  gave more
v a r i a b l e  r e s u l t s  a l t h o u g h  t h e y  a l l  u t i l i z e d  g l u c o s e  and f r u c t o s e .  Y e a s t  
A gave a  n e g a t i v e  r e s p o n s e  t o  g l y c e r o l ,  t h e  r e s p o n s e  of  y e a s t s  B and C 
was n o t  c l e a r - c u t ,  b u t  the  r e s t  gave a  p o s i t i v e  r e s p o n s e .  Only y e a s t s  
B and C u t i l i z e d  s o r b i t o l ,  w h i l e  y e a s t  B was t h e  o n l y  s t r a i n  n o t  t o  
u t i l i z e  s u c r o s e .
4 .  DISCUSSION
The r e s u l t s  o f  t h e  a s s e s s m e n t  o f  a s s i m i l a t i o n  o f  s o l u t e s  w i l l  be 
d i s c u s s e d  l a t e r  ( p . 185) i n  r e l a t i o n  t o  o t h e r  a s p e c t s  p r e s e n t e d  i n  t h i s  
t h e s i s .
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PART IV
DETERMINATION OF THE HEAT RESISTANCE OF SALMONELLAE. AND 
OSMOPHILIC YEASTS IN SOLUTIONS OF SUGARS AND POLYOLS
1.  INTRODUCTION
O t h e r  w o r k e r s  have i n v e s t i g a t e d  t h e  e f f e c t  o f  a t  l ^ a s t  some o f
t h e s e  s o l u t e s  on m i c r o b i a l  h e a t  r e s i s t a n c e  ( see  I I . 6 . i i i ) .  I t  was
e v i d e n t  f rom t h e  work o f  B a i r d  -  P a r k e r  e t  a l . (1970) and o f  G o e p f e r t
e t  a l .  ( 1 9 7 0 ) t h a t  t h e  s o l u t e  u s e d  t o  c o n t r o l  a c o u ld  have an  e f f e c t  -----------------------------------------------  w
on h e a t  r e s i s t a n c e  o f  s a l m o n e l l a e .  G i b s o n ' s  c o n c l u s i o n  (1970;  1973)
t h a t  s o l u t e  had no e f f e c t  was s u r p r i s i n g .  I t  was c o n s i d e r e d  however ,  
t h a t  a  n e c e s s a r y  p r e l i m i n a r y  t o  t h e  p r e s e n t  i n v e s t i g a t i o n  was a more 
t h o r o u g h  s t u d y  o f  h e a t  r e s i s t a n c e  o v e r  a s  wide a r an g e  o f  c o n c e n t r a t i o n s  
(and a ^ )  a s  was p o s s i b l e  w i t h  t h e  t i m e ,  l a b o u r  and m a t e r i a l s  a v a i l a b l e .
2 .  MATERIALS & METHODS 
Organisms
S a l m o n e l l a  s t r a i n s  4987 ,  39H & 775V, E .  c o l i  s t r a i n s  7 0 ,  67 ( a b l e
t o  u t i l i z e  s u c r o s e )  and  C5 and 6 3 ( u n a b l e  t o  u t i l i z e  s u c r o s e )  and y e a s t
s t r a i n s  A and B were  u s e d .  (A r a p i d  h e a t - r e s i s t a n c e  s c r e e n i n g  o n l y ,
was c a r r i e d  ou t  on y e a s t  D . )
P r e p a r a t i o n  o f  H e a t i n g  M e n s t ru a
The f o l l o w i n g  s o l u t e s  were u s e d :  s u c r o s e ,  g l u c o s e ,  g l y c e r o l ,
f r u c t o s e ,  s o r b i t o l  and p o l y e t h y l e n e  g l y c o l  (PEG). S o l u t i o n s  were
p r e p a r e d  t o  c o v e r  a s  wide  a  r a n g e  o f  a^  v a l u e s  as  p o s s i b l e ,  a c c o r d i n g
t o  t h e  s o l u b i l i t y  o f  t h e  s o l u t e .  S o l u t i o n s  o f  g l y c e r o l  and PEG c o v e re d
t h e  whole  a ^  r a n g e  s i n c e  t h e s e  s o l u t e s  a r e  f r e e l y  m i s c i b l e  w i t h  w a t e r .
C a l c u l a t i o n  o f  t h e  a v a l u e s  o f  a l l  t h e  s o l u t i o n s  e x c e p t  PEG was donew ^
a c c o r d i n g  t o  t h e  method o f  N o r r i s h  (1964 ;  1 9 6 6 ) .  F i g u r e  3 shows t h e
r e l a t i o n s h i p  b e tw een  w a t e r  a c t i v i t y  and s o l u t e  c o n c e n t r a t i o n  f o r  t h e s e  
s o l u t e s .  The v a l u e s  o f  PEG s o l u t i o n s  were e s t i m a t e d  u s i n g  t h e  d a t a  of  
Anand & Brown ( 1 9 6 8 ) .
S u c r o s e ,  g l u c o s e  and  g l y c e r o l  were d r y  s t e r i l i z e d  by a u t o c l a v i n g  
a t  115 C f o r  10 m in u t e s  and  a p p r o p r i a t e  q u a n t i t i e s  o f  s t e r i l e  p h o s p h a t e
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b u f f e r  (pH 6 . 5 )  were added  a f t e r  s t e r i l i z a t i o n  t o  g i v e  a p h o s p h a te
c o n c e n t r a t i o n  o f  O.IM. S o r b i t o l  and f r u c t o s e  were not- s t e r i l i z e d  b u t
were we ighed  i n t o  s t e r i l e  b o t t l e s  and d i s s o l v e d  i n  s t e r i l e  p h o s p h a t e
b u f f e r .  PEG s o l u t i o n s  were s t e r i l i z e d  by a u t o c l a v i n g  a t  121° f o r  15
m i n u t e s .  S i n c e  PEG and p h o s p h a te  fo rmed a p r e c i p i t a t e ,  t h e  p h o s p h a te
was o m i t t e d  and t h e  pH a d j u s t e d  t o  pH 6 . 5  u s i n g  sodium h y d r o x i d e .
S u c r o s e / g l y c e r o l  and s u c r o s e / g l u c o s e  m i x t u r e s  were p r e p a r e d  i n  a s i m i l a r
way t o  t h e  s i n g l e - s o l u t e  s o l u t i o n s ,  t o  g i v e  a r an g e  of  t o t a l  p e r  c e n t
w/w s o l u t e  c o n c e n t r a t i o n s  a t  two a l e v e l s  ( see  T a b le  I I ) .w
A s e r i e s  o f  s u c r o s e  s o l u t i o n s  c o n t a i n i n g  p r o p y l e n e  g l y c o l  and 
p o t a s s i u m  s o r b a t e  a t  v a r i o u s  c o n c e n t r a t i o n s  were  p r e p a r e d  i n  o r d e r  t o  
i n v e s t i g a t e  t h e  e f f e c t  o f  t h e s e  a n t i m y c o t i c s  on h e a t  r e s i s t a n c e  o f  
s a l m o n e l l a e  i n  i n t e r m e d i a t e  m o i s t u r e  f o o d s  ( s e e  I I . 3 . i i ) .  T h i s  was 
done by  i n c o r p o r a t i n g  t h e s e  two compounds ( w i t h o u t  s t e r i l i z i n g  them) 
i n t o  s t e r i l e  48^  w/w s u c r o s e  i n  0 . 1  M p h o s p h a te  b u f f e r ,  a s  above ( see  
Table  12 f o r  c o m p o s i t i o n  of  s o l u t i o n s ) .
D e t e r m i n a t i o n  o f  h e a t  r e s i s t a n c e
I n o c u l a  o f  b a c t e r i a  f o r  h e a t i n g  were grown f o r  18 h o u r s  s t a t i c a l l y  
i n  HIB a t  3 7 ° ,  h a r v e s t e d  by c e n t r i f u g a t i o n  and washed i n  0 . 1  M p h o s p h a te  
b u f f e r ,  pH 6*5 .  Y e a s t  i n o c u l a  were grown 7 days  s t a t i c a l l y  i n  100 ml 
q u a n t i t i e s  o f  S>EB i n  250 ml c o n i c a l  f l a s k s .  The y e a s t  c e l l s  were 
washed i n  t h e  same s o l u t i o n  a s  t h a t  t o  be u s e d  f o r  h e a t i n g ,  s i n c e  t h e y  
had a l s o  b e e n  grown a t  h i g h  o sm o t ic  p r e s s u r e .  (Y eas t  D, a n o n - o s m o p h i l e , 
was grown i n  lEB f o r  two days  a t  2 5 ° . )  The o r g a n i s m s ,  h a r v e s t e d  from 
100 ml o f  growth  medium, were r e s u s p e n d e d  i n  50 ml o f  t h e  a p p r o p r i a t e  
h e a t i n g  menstruum t o  g i v e  10^  -1 0 ^  v i a b l e  b a c t e r i a  o r  10^ -  10^ v i a b l e  
y e a s t  c e l l s  p e r  ml .
Q u a n t i t i e s  o f  0 . 5  ml were d i s t r i b u t e d  i n t o  s t e r i l e  f r e e z e - d r y i n g  
ampoules  ( J o h n s e n  & J o r g e n s e n  L t d . ,  London SE7.). The am p o u le s ,  s e a l e d
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0 6
1. sucrose
2 fructose, glucose
3 sorbitol 
i  glycerol
0 2
V# w/w solute
F i g u r e  3 W a t e r - s o r p t i o n  i s o t h e r m  o f  t h e  s o l u t e s  u s e d  
(From N o r r i s h ,  1966)
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and submerged i n  a w a t e r  b a t h  c o n t r o l l e d  a t  65^ + 0 . 1 °  by a  m erc u ry  
t h e r m o r e g u l a t o r ,  were removed a t  i n t e r v a l s  and c o o le d  i n  c o l d  w a t e r .  
D u p l i c a t e  l / 3 0 t h  ml d r o p s  from P a s t e u r  p i p e t t e s  (Harshaw C h em ica ls  
L t d . ,  D a v e n t r y ,  N o r t h a n t s )  o f  d e c im a l  d i l u t i o n s  i n  8MM were s p r e a d  on 
quart e rs  o f  t h e  p l a t i n g  medium (SPCA). In  a d d i t i o n ,  0 . 5  ml o f  t h e  
10 ^ d i l u t i o n  was s p r e a d  on whole p l a t e s .  C o l o n i e s  were  c o u n t e d  a f t e r  
i n c u b a t i o n  f o r  3 days a t  37° ( b a c t e r i a )  o r  7 days  a t  25° ( y e a s t s ) .
W herever  p o s s i b l e  a s i x  I b g - c y c l e  r e d u c t i o n  i n  v i a b l e  c oun t  was , 
m e a s u re d .  D u p l i c a t e  ampoules  were h e a t e d  f o r  a t  l e a s t  6 d i f f e r e n t  
t i m e s .  Dec imal  r e d u c t i o n  t im e s  were c a l c u l a t e d  from t h e  r e g r e s s i o n  
c o e f f i c i e n t ,  o b t a i n e d  by t h e  method o f  l e a s t  s q u a r e s .
D e t e r m i n a t i o n  o f  s u r v i v a l  a t  5°
S a l m o n e l l a e  were s t o r e d  i n  s u g a r  and  p o l y o l  s o l u t i o n s  a t  5 , and 
c o u n t s  were pe r fo rm e d  a s  d e s c r i b e d  above t o  d e t e r m i n e  s u r v i v a l  d u r i n g  
s t o r a g e .
3 .  RESULTS
The e f f e c t  o f  v a r y i n g  p r e h e a t i n g  and r e c o v e r y  c o n d i t i o n s  
P r e h e a t i n g  c o n d i t i o n s Y e a s t  c e l l s  grown i n  SMEB were found  t o  be more 
r e s i s t a n t  t h a n  t h o s e  grown i n  MEB ( w i t h o u t  added s u c r o s e ) .  Hea t  
r e s i s t a n c e  o f  a e r a t e d  and  s t a t i c  c u l t u r e s  were s i m i l a r .  Y e a s t  c e l l s  
washed i n  t h e  h e a t i n g  mens truum were a l s o  more r e s i s t a n t  t h a n  t h o s e  
washed  i n  0 . 1  H  p h o s p h a te  b u f f e r .  P r e h e a t i n g  c o n d i t i o n s  of  t h e  b a c t e r i a  
were n o t  i n v e s t i g a t e d .  A s c o s p o r e s  were n e t  o b s e r v e d  i n  t h e  SMEB 
c u l t u r e s  u s e d  f o r  h e a t i n g .  They c o u l d ,  however ,  be s e e n  i n  s m a l l  
numbers  i n  o t h e r  m ed ia ,  b u t  e ven  s p o r u l a t i o n  media su c h  a s  M c C l a r y ' s  
a c e t a t e  a g a r  (Lodder ,  1970) d i d  n o t  g i v e  good y i e l d s .
R e c o v e ry  c o n d i t i o n s  V a r io u s  c o m b i n a t i o n s  o f  d i l u e n t  and p l a t i n g  medium, 
w i t h  and w i t h o u t  added s u c r o s e  were t e s t e d  a f t e r  h e a t i n g , t h e  s a l m o n e l l a e  
and y e a s t  (B) i n  s u c r o s e  s o l u t i o n .  The b e s t  c o m b i n a t i o n  t e s t e d  f o r
■"81 *7
b o t h  t h e  s a l m o n e l l a e  and t h e  y e a s t  was t h e  a d d i t i o n  o f  s u c r o s e  t o  
b o t h  t h e  d i l u e n t  ( m a in te n a n c e  medium) and t h e  p l a t i n g  medium (PCA).
The s u c r o s e  c o n c e n t r a t i o n  t h a t  c o u ld  be u s e d  i n  t h e  s a l m o n e l l a  p l a t i n g  
medium (20^)  was l i m i t e d  by t h e  w a t e r  a c t i v i t y  g rowth  l i m i t s  o f  t h e  
s a l m o n e l l a e ,  b u t  48^  s u c r o s e  i n  t h e  p l a t i n g  medium and d i l u e n t  was 
n o t  n o t i c e a b l y  more p r o t e c t i v e  f o r  t h e  y e a s t s ,  n o r  48^  s u c r o s e  i n  t h e  
d i l u e n t  f o r  t h e  s a l m o n e l l a e .  The p r e s e n c e  o f  s u c r o s e  i n  t h e  r e c o v e r y  
media may p r o t e c t  a g a i n s t  o s m o t i c  s h o c k .  , S u r p r i s i n g l y ,  SPCA p ro v ed  to  
be a  b e t t e r  r e c o v e r y  medium t h a n  SMEA f o r  t h e  y e a s t ,  and pH 7 . 0  was 
found  to be b e t t e r  t h a n  pH 6 . 0  f o r  b o t h  t h e  d i l u e n t  and t h e  p l a t i n g  
medium.
Com pari son  o f  h e a t  r e s i s t a n c e  o f  y e a s t s  A and B, and o f  s a l m o n e l l a  
4987 and  39H i n  48^  s u c r o s e  a t  pH 6 . 5  ( a d j u s t e d  w i t h  NaOH i f  n e c e s s a r y )  
w i t h  and w i t h o u t  0 . 1  M p h o s p h a t e  b u f f e r  showed b o t h  y e a s t s  to  be more 
r e s i s t a n t  when p h o s p h a t e  was p r e s e n t  ( a l t h o u g h  Gibson  (1973)  found  t h e  
o p p o s i t e )  b u t  t h e  r e s i s t a n c e  o f  t h e  s a l m o n e l l a e  was u n a f f e c t e d .  Un­
f o r t u n a t e l y  i t  was n o t  p o s s i b l e  t o  i n v e s t i g a t e  a l l  r e c o v e r y  c o n d i t i o n s  
t o  f i n d  w h ic h  were o p t i m a l .  The s a l m o n e l l a e  were a lw ays  i n c u b a t e d  a t  
3 7 ° ,  a l t h o u g h  one e x p e r i m e n t  was c a r r i e d  o u t  d u r i n g  s t u d i e s  o f  r e s i s ­
t a n c e  i n  g l y c e r o l  which  showed a s l i g h t l y  b e t t e r  r e c o v e r y  a t  3 0 ° .
However ,  t h e  s p r e a d  p e t r i  d i s h e s  were  a lw ays  l e f t  a t  room t e m p e r a t u r e  
u n t i l  t h e  end  o f  t h e  d a y ,  wh ich  would p o s s i b l y  a l l o w  a c e r t a i n  amount o f  
r e p a i r  o f  h e a t  damage.
S u r v i v a l  o f  s a l m o n e l l a e  i n  s o l u t i o n s  d u r i n g  s t o r a g e  a t  5°
8S u s p e n s i o n s  i n  a l l  s o l u t i o n s  gave i n i t i a l  v i a b l e  c o u n t s  o f  10 -
9
10 o r g a n i s m s / m l .  Organisms s u r v i v e d  q u i t e  w e l l  i n  0 . 1  M p h o s p h a te  
b u f f e r  ( a b o u t  10^ o r g a n i s m s / m l  a f t e r  10 m on th s )  and a l i t t l e  b e t t e r  
t h a n  t h i s  i n  s u c r o s e  s o l u t i o n .  I n  g l y c e r o l  no s u r v i v o r s  were d e t e c t e d  
below a^  0 . 6  a f t e r  10 months and c o u n t s  were g e n e r a l l y  low a f t e r  10 months
—  82  —
3a t  h i g h e r  -  l e s s  t h a n  10 o r g a n i s m s / m l .  S u r v i v a l  i n  g l u c o s e  a t  
a^  ^ 0 . 9 9  was poo r  a f t e r  10 months (lO^ -  10^ o r g a n i s m s / m l )  b u t  s u r v i v a l  
a t  l o w e r  a ^  i n  g l u c o s e  and  i n  f r u c t o s e  and  s o r b i t o l  s o l u t i o n s  was 
q u i t e  good ove r  t h e  e n t i r e  s t o r a g e  p e r i o d .  G e n e r a l l y  775W s u r v i v e d  
l e s s  w e l l  t h a n  d i d  t h e  o t h e r  two s t r a i n s .
E f f e c t  of  s t o r a g e  on h e a t  r e s i s t a n c e
A l t h o u g h  Fay (1934)  found  t h a t  t h e  r e s i s t a n c e  o f  E s c h e r i c h i a  c o l i  
c e l l s  i n  s u c r o s e  was d i m i n i s h e d  a f t e r  s t o r a g e ,  s a l m o n e l l a e  s t o r e d  f o r  
up t o  a  month i n  v a r i o u s  s u g a r s  showed s i m i l a r  h e a t  r e s i s t a n c e  t o  t h o s e  
h e a t e d  on t h e  day  t h e y  were  s u s p e n d e d  i n  t h e  s o l u t i o n .  PEG was t o x i c  
and a l l  s a l m o n e l l a e  were n o n - v i a b l e  a t  c o n c e n t r a t i o n s  i n  e x c e s s  o f  56;^
PEG w i t h i n  a few days  and even  a f t e r  a few h o u r s  a t  t h e  h i g h e s t  con­
c e n t r a t i o n s  ( c f .  H o r n e r ,  1972)  ( see  Tab le  7 ) .  C o n s e q u e n t l y  s a l m o n e l l a e  
were s u s p e n d e d  i n  PEG i m m e d i a t e l y  b e f o r e  t h e y  were r e q u i r e d  f o r  h e a t i n g .  
With t h e  o t h e r  s o l u t e s  s e v e r a l  s a l m o n e l l a  s u s p e n s i o n s  were p r e p a r e d  on 
one d a y ,  and h e a t e d  on s u c c e e d i n g  d a y s .
Y e a s t s  were a lw ays  h e a t e d  on t h e  day  s u s p e n s i o n s  were p r e p a r e d  
s i n c e  i f  n o t  t e s t e d  i m m e d i a t e l y ,  t h e y  t e n d e d  to  f e r m e n t  s u g a r s  even 
a t  r e f r i g e r a t i o n  t e m p e r a t u r e s .
The e f f e c t  o f  s t o r a g e  on h e a t  r e s i s t a n c e  o f  E .  c o l i  s t r a i n s  was n o t  
i n v e s t i g a t e d .  S u s p e n s i o n s  were h e a t e d  on t h e  d a y  o f  p r e p a r a t i o n .
H ea t  r e s i s t a n c e  o f  s a l m o n e l l a e
H e a t  r e s i s t a n c e  i n  0 . 1  M p h o s p h a te  b u f f e r  pH* 6 . 5 . The h e a t  
r e s i s t a n c e  o f  t h e  t h r e e  s a l m o n e l l a  s t r a i n s  i n  p h o s p h a te  b u f f e r  w i t h  no 
added s u g a r  o r  p o l y o l  i s  summarised i n  T a b le  8 .  S a l m o n e l l a  s e n f t e n b e r g  
775V was s u b s t a n t i a l l y  more r e s i s t a n t  t h a n  were  t h e  two Sa lm.  t y ph im ur ium  
s t r a i n s ,  b u t  t h e  39H s t r a i n  was o n l y  s l i g h t l y  more r e s i s t a n t  t h a n  i t s  
p a r e n t  s t r a i n .
H e a t  r e s i s t a n c e  i n  t h e  p r e s e n c e  o f  s u g a r s  and p o l y o l s .  F i g u r e  4
-  83
TABLE 7 The e f f e c t  o f  p o l y e t h y l e n e  g l y c o l  on t h e  numbers  o f
; s a l m o n e l l a e  b e f o r e  h e a t i n g
S t r a i n ^(w/w)PEG
Approx.
%
S t o r a g e  a t  
5° ( d a y s )
V i a b le
o r g a n i s m s / m l ^  S u r v i v o r s
4987 28 0 . 9 5 3 3 . 5  X 10^ 100
56 0 .8 5 3 2 . 0  X 10^ 0 . 6
69 0 .7 5 0 9 . 2  X 10^ 2 , 6
7 8 . 5 0 .6 5 0 2 .7 5 x  10^ 0 . 0 8
83 0 .5 5 0 2.05X l o f 0 . 0 6
87 0 .4 5 0 9 . 1  X 10^ 0 .0 0 2 6
775¥ ,28 0 .9 5 1 3 . 0  X 10^ 100.
3 1 .3  X 10^ 43
56 0 .8 5 0 2 . 1  X 10^ 7
7 8 .5 0 .6 5 0 1 . 0  X 10^ 0 ,0003
83 0 .5 5 0 100 0 .00003
87 0 .4 5 0 100 0 .0 0 0 0 3  1
TABLE 8 Heat  r e s i s t a n c e  o f  s a l m o n e l l a e  i n  0 . 1  M p h o s p h a t e  b u f f e r  
pH 6.5
S t r a i n D , _ v a l u e  65 /  . \ (min)
Time- t o  10 ^ 
s u r v i v o r s  *(min)
4987 0 .0562 0 . 8 0
0 .0 7 8 9 0 . 9 4
39H 0 .1 0 8 1 . 1 0
775V 0 .2 9 0 2 .0 3
-  8 4  -
100
M
0 01
0 20 40 60 80 100 120 140 ISO
Tim« ( mi n)
■F i g u r e  4 Heat  s u r v i v a l  c u r v e s  o f  Sa lm.  typ h im u r iu m  39H a t  65 •
i n  0 . 1  M p h o s p h a t e  b u f f e r  pH 6 . 5  w i t h  added  s u c r o s e  a t  
(w/V) 4 ; 60^ (w/w) o  ; 48^  (w/w) X ; 30^(wYw) #  .
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i l l u s t r a t e s  t h e  k i n d  o f  c u r v e  from w h ich  D,  ^ v a l u e s  were c a l c u l a t e d .
, 6 5
A l l  t h e  c u r v e s  gave s t r a i g h t  l i n e  r e l a t i o n s h i p s  which  were h i g h l y  
s i g n i f i c a n t  ( . 0 0 1 ) .  S i m i l a r  c u r v e s  were o b t a i n e d  when t h e  s a l ­
m one l la e  were  h e a t e d  i n  s o l u t e s  o t h e r  t h a n  s u c r o s e .  f i g u r e s  5 - 9  
show t h e  e f f e c t  o f  s o l u t e  c o n c e n t r a t i o n  on s a l m o n e l l a  h e a t  r e s i s t a n c e  
i n  a l l  s o l u t e s  e x c e p t  PEG. For  e v e r y  s o l u t e  e x c e p t  PEG and g l y c e r o l  
and e v e r y  s a l m o n e l l a  s t r a i n  examined t h e r e  was a p p a r e n t l y  a d i r e c t  
r e l a t i o n s h i p  b e tw een  l o g  And p e r  c e n t  (w/w) s o l u t e .  Hea t  
r e s i s t a n c e  o f  a l l  s t r a i n s  i n c r e a s e d  a s  t h e  c o n c e n t r a t i o n  o f  s o l u t e  
was i n c r e a s e d ,  b u t  t h e  d e g r e e  of  i n c r e a s e  was d i f f e r e h t  f o r  ea ch  s o l u t e .  
39H gave s i m i l a r  r e s u l t s ,  b u t  i n  some s o l u t e s  775V gave a d i f f e r e n t  
r e s p o n s e .  At  low e r  s o l u t e  c o n c e n t r a t i o n s  i n  s o r b i t o l  ( F i g .  8)
775V was more r e s i s t a n t  t h a n  4987,  b u t  a t  n i g h e r  s o l u t e  c o n c e n t r a t i o n  
t h e  s i t u a t i o n  was r e v e r s e d  b e c a u s e  t h e  r a t e  o f  i n c r e a s e  o f  h e a t  r e s i s t a n c e  
( s l o p e )  was l e s s .  A s i m i l a r  t r e n d  was e v i d e n t  i n  s o l u t i o n s  o f  f r u c t o s e  
and  g l u c o s e  ( F i g s .  6 and  7)  b u t  i n  s u c r o s e  f u r t h e r  d a t a  would be 
n e c e s s a r y  t o  v e r i f y  t h i s  ( F ig  5 ) .
I n  g l y c e r o l  ( F ig .  9) t h e r e  was a l s o  some c o r r e l a t i o n  be tw e en  p e r  
c e n t  (w/w) s o j u t e  and h e a t  r e s i s t a n c e .  However ,  t h e  two S a l m . 
typ h im u r iu m  s t r a i n s  showed a maximum D - v a lu e  a t  a b o u t  75^  (w/w) g l y c e r o l ,  
and 775V a t  a b o u t  559  ^ (w/w) g l y c e r o l .  As i n  the  o t h e r  s o l u t e s ,  775V 
was d e s s  r e s i s t a n t  t h a n  t h e  o t h e r  s t r a i n s  a t  h i g h e r  s o l u t e  c o n c e n t r a ­
t i o n ,  a n d  more r e s i s t a n t  a t  lower  c o n c e n t r a t i o n s .  As f a r  a s  D . _65
v a l u e s  i n  PEG c o u ld  be a s s e s s e d ,  t h e r e  was l i t t l e  o r  no i n c r e a s e  i n  
h e a t  r e s i s t a n c e  ( se e  T a b le  9 ) .
The h e a t  r e s i s t a n c e  o f  t h e  s a l m o n e l l a e  i n  t h e  s o l u t e s  a t  70^  and 
30^  c o n c e n t r a t i o n  i s  compared i n  T a b le  10.  H e a t  r e s i s t a n c e  was 
i n c r e a s e d  many t i m e s  i n  a l l  s o l u t e s  e x c e p t  g l y c e r o l  ( e . g .  i n  70^ 
s u c r o s e  t h e  v a l u e  o f  s t r a i n  4987 was 700 t i m e s  t h a t  i n  0 . 1  M
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100
775 w
39 H
4987
•/• w/w sucrose
F i g u r e  5  The e f f e c t  o f  s u c r o s e  i n  0 . 1  M p h o s p h a te  b u f f e r  pH 6 , ' f  on 
t h e  h e a t  r e s i s t a n c e  o f  Sa lm.  t y ph im ur ium  7M 4987 O  ; 
•wi thout  s u c r o s e  o ;  Sa lm.  t y p h i m u r i u m 3 9H A; w i t h o u t  
s u c r o s e  h ; Sa lm.  s e n f t e n b e r g  775V S5 ; w i t h o u t  s u c r o s e  O
—  87  —
ICO
39 H
4987
mto
6
0-GlL
50
*/• w/w g lucose
F i g u r e  6 The e f f e c t  o f  g l u c o s e  i n  0 . 1  M p h o s p h a te  b u f f e r  pH 6 .5  oh
t h e  h e a t  r e s i s t a n c e  o f  Salm.  t y p h im u r iu m  TM 4967 # ;  w i t h o u t  
g l u c o s e  O  ; S a Im . t.-\n:hirnuriurn 39H A ; w i t h o u t  g l u c o s e  A ; 
Sa lm.  s e n f t e n b e r g  775W #  ; w i t h o u t  g l u c o s e  D ,
— 88 —
L100
775W
80
7* w /w  fructose
F i g u r e  7 The e f f e c t  o f  f r u c t o s e  i n  0 . 1  M p h o s p h a te  b u f f e r  pK 6 ,5  
on t h e  h e a t  r e s i s t a n c e  o f  Sa lm.  t y ph im ur ium  7M 4987 ® ; 
w i t h o u t  f r u c t o s e  O ; Salm.  s e n f t e n b e r g 775V ; w i t h o u t
f r u c t o s e  O ,
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‘N 8
'C
0-1
0O1
% w/w sorbitol
F i g u r e  8 The e f f e c t  o f  s o r b i t o l  i n  0 . 1  M p h o s p h a te  b u f f e r  pH 6 .5  
on t h e  h e a t  r e s i s t a n c e  o f  Sa lm.  t y nh im ur ium  7M 4987  ® 3
w i t h o u t  added s o r b i t o l  O  and  Sa lm.  s e n f t e n b e r g  775*v 
w i t h o u t  added s o r b i t o l  D ,
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100:
m
001
• / •  w / w  g l y c e i - o l
F i g u r e  9 The e f f e c t  o f  g l y c e r o l  i n  0 , 1  M p h s o p h a te  b u f f e r  pH 6 .5  on
t h e  h e a t  r e s i s t a n c e  o f  Salm.  t y ph im ur ium  7M 4987 #  ; w i t h o u t  
added g l y c e r o l  O ; Salm.  t y ph im ur ium  3 9H A  ; w i t h o u t  ad d e d  
g l y c e r o l  ^  ; Sa lm.  s e n f t e n b e r g  7 7 5W ^  ; w i t h o u t  added  
g l y c e r o l  Û o
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TABLE 9 Hea t  r e s i s t a n c e  o f  s a l m o n e l l a e  i n  s o l u t i o n s  o f  
p o l y e t h y l e n e  g l y c o l  (M.V, 200)
9^  ( v / v )  PEG •Approx. 
^%w
S t r a i n (min) Min.  t o  10 ^ { 
s u r v i v o r s
69 0 .7 5 4987 0 .1 0 3 0 .9 4 0
56 0 .8 5 4987 0 .0929 0 .8 8 5
775V 0 .1 2 8 1 .0 6
28 0 .95 4987 . 0 .0 4 5 8 0 .7 2 4
775V 0 .1 4 1 1 .1 8
TABLE 10 v a l u e s  i n  m in u t e s  o f  s a l m o n e l l a e  i n  v a r i o u s  s o l u t e s—-----------  65 C .
a t  l O f o  and 30^ (w/w) c o n c e n t r a t i o n  i n  0 . 1  M p h o s p h a t e  b u f f e r  
pH 6 .5  ( E x t r a p o l a t e d  o r  i n t e r p o l a t e d  where  n e c e s s a r y . )
S o l u t e Sa lm.  t y p h im ur ium  7M 4987
Salm.  typh im ur ium  
39H
---------------------------------------------------------------------------
Salm. s e n f t e n ­
b e r g  775V
S u c r o s e  IQ ffo 53 . 54 43
30?G 0 . 7 0 . 8 1 .4
G luc ose  IQffo 42 48 17
3CM& 0 . 9 1 .1 2 .0
S o r b i t o l  709^ 20 NT 17
309^ 0 . 7 NT 2 . 1
F r u c t o s e  709^ 12 NT 8 .5
309^ 0 . 5 NT . . 1 . 1
G l y c e r o l  709 .^ 0 . 9  , 1 0 . 7
3O9G 0 . 2 0 . 3 0 .9 5
NT = Not  t e s t e d
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p h o s p h a t e  b u f f e r  w i t h  no added  s o l u t e ) .  The o r d e r  of. d e c r e a s i n g
p r o t e c t i o n  was s u c r o s e  > g l u c o s e ^ s o r b i t o l ^  f r u c t o s e g l y c e r o l .
C o n s i d e r a t i o n  o f  h e a t  r e s i s t a n c e  v e r s u s  a^  (P ig  10)  shows t h a t
t h e r e  i s  a n  i n c r e a s e  o f  h e a t  r e s i s t a n c e  when a i s  r e d u c e d  b u t  t h ew
r e l a t i o n s h i p  i s  n o t  d i r e c t .  The d i f f e r e n c e s  b e tw een  s o l u t e s  a r e  
even  more marked when h e a t  r e s i s t a n c e s  a t  a p a r t i c u l a r  a^  a r e  compared 
( e . g .  a t  a^  0 .9 2  v a l u e s  o f  s t r a i n  4987 a r e  a p p r o x i m a t e l y  13,  3 ,  2,
2 and 0 .1 5  m in u t e s  i n  s u c r o s e ,  g l u c o s e ,  s o r b i t o l ,  f r u c t o s e  and g l y c e r o l  
r e s p e c t i v e l y ) .
Hea t  r e s i s t a n c e  i n  m i x t u r e s  o f  s o l u t e s . E x a m i n a t i o n  o f  h e a t  
r e s i s t a n c e  o f  Sa lm.  t y ph im ur ium  7M 4987 i n  m i x t u r e s  o f  s u c r o s e  and
g l y c e r o l  o r  s u c r o s e  and g l u c o s e  a t  two a ^  l e v e l s  showed t h a t ,  a t  a
p a r t i c u l a r  a ^ ,  t h e  l o g  was d i r e c t l y  p r o p o r t i o n a l  t o  t h e  p e r  c e n t  
(w/w) t o t a l  s o l u t e s  p r e s e n t  ( F i g .  11,  T a b le  l l ) .
E f f e c t  of  p r o p y l e n e  g l y c o l  and p o t a s s i u m  s o r b a t e  on s a l m o n e l l a  
h e a t  r e s i s t a n c e  i n  489  ^ s u c r o s e . H ea t  r e s i s t a n c e  Salm.  t yph im ur ium  
7M 4987 i n  48% (w/w) s u c r o s e  s o l u t i o n  was r e d u c e d  by b o t h  p o t a s s i u m  
s o r b a t e  and p r o p y l e n e  g l y c o l  ( s e e  T a b le  1 2 ) ,  and a d d i t i o n  o f  b o t h  
i n h i b i t o r s  r e d u c e d  v a l u e s  more t h a n  e i t h e r  added  s e p a r a t e l y .  
Com pari son  o f  h e a t  r e s i s t a n c e  o f  s t r a i n s  o f  E .  c o l i  a b l e  t o  u t i l i z e  
s u c r o s e  and s t r a i n s  n o t  a b l e  t o  u t i l i z e  s u c r o s e .
T a b l e  13 shows t h e  r e s u l t s  o b t a i n e d ,  and compares  them with,
s i m i l a r  r e s u l t s  o b t a i n e d  f o r  s a l m o n e l l a e .  There  was q u i t e  wide
v a r i a t i o n  i n  D . _ v a l u e s  f o r  d i f f e r e n t  s t r a i n s  i n  t h e  same s o l u t i o n .65
No c o r r e l a t i o n  c o u l d  be o b s e r v e d  b e tw een  t h e  f o l l o w i n g  p a r a m e t e r s :
D,_ v a l u e s  i n  s u c r o s e ,  t h e  r a t i o s  o f  D , _ i n  s u c r o s e  t o  i n  g l u c o s e ,65 65 65
t h e  r a t i o s  o f  D,_ i n  b u f f e r  t o  D^_ i n  s u c r o s e ,  and a b i l i t y  t o  u t i l i z e  65 o5
s u c r o s e .  The D , _ v a l u e s  o b t a i n e d  w i t h  t h e  E.  c o l i  s t r a i n s  were 65 -------------
s i m i l a r  t o  t h o s e  o b t a i n e d  w i t h  t h e  s a l m o n e l l a  s t r a i n s .
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m
<o
0 7 0 8
Water activ ity
0*6
F i g u r e  10 The e f f e c t  o f  w a t e r  a c t i v i t y  i n  0 . 1  M p h o s p h a t e  b u f f e r
pH 6 . 5  w i t h  added s u g a r s  o r  p o l y o l s  on t h e  h e a t  r e s i s t a n c e  
o f  Sa lm.  ty p h im u r iu m  7M 4987 i n  s u c r o s e  X  ; g l u c o s e  O  ; 
f r u c t o s e  A ; s o r b i t o l  @ ; g l y c e r o l  A .
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concei
s u c r o s e
i t  r a t  ion  {fo  
g l u c o s e
w/w)
g l y c e r o l
a v e r a g e
(min)
0 .9 5 48 ■n* — 6 . 9 5
40 5 - 3 . 4 9
33 10 - 3 .1 5
40 - 3 2 .7 6
36 - 5 1 .82
13 24 - 1 .70
20 20 1 .6 2
35 - 1 .5 6
6 30 - 1 .3 8
30 — 8 1.15
22 - 11 0 . 3 9
9 - 18 0 .1 6
■ — - 25
( 9 , 0 . 9 4 )
0 .1 4
4 - 20 0 . 1 1
0 .8 5 66
(a 0 . 8 6 )
W
- - 31 .5
65 2 . 5 - 18 .5
60 7 = 1 8 .0
50 16 - 1 6 . 0
32 32 - 1 3 .8
55 - 9 1 1 . 0
21 42 - 9 . 9
- 60 - 10 .0
( e x t r a p o l a t e d )
4 8 . 5 - 13 7 . 5
39 - 19 .5 5J06
17 - 34 1 .5 9
8 .5 - .40 0 .41
- - 45 0 . 2 6
TABLE 11 v a l u e s  o f  Sa lm.  typ h im u r iu m  7M 4987 i n  O.IM p h o s p h a te
. b u f f e r ,  pH 6 . 5  i n  s i n g l e  s o l u t e s  o r  m i x t u r e s  o f  s o l u t e s .
9 §  -
ms
aw - 0 95
aw = 0 85
OOli— _
60 30
®/« w/w solutes
F i g u r e  11 The e f f e c t  o f  t o t a l  s o l u t e  c o n c e n t r a t i o n  on t h e  h e a t  r e s i ­
s t a n c e  o f  Sa lm.  typ h im u r iu m  7M 4987 i n  s u c r o s e / g l y c e r o l  
m i x t u r e s  a t  a  0 . 8 5  ^  i a  0 . 9 5  O ; o r  s u c r o s e / g l u c o s ew w
m i x t u r e s  a t  a  0 . 8 5  A ; a  0 .9 5  A .w V
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TABLE 12 Hea t  r e s i s t a n c e  of  S a l m o n e l l a  typ h im u r iu m  7M 4987 i n
v/w s u c r o s e  s o l u t i o n  w i t h  0 . 1  M p h o s p h a te  b u f f e r ,  pH 6 .5  
w i t h  v a r i o u s  a d d i t i o n s  o f  p r o p y l e n e  g l y c o l  and  p o t a s s i u m  
s o r b a t e .
A d d i t i o n s
p r o p y l e n e
g l y c o l
(w/v )
E
s o r b a t e ^65 mean (min)
1. - 6 . 7 8 ,  8 . 3 3 ,  5 .5 7 6 . 8 9
2 .  0 . 5 # 4 . 2 2 ,  5 .2 7 4 . 7 5  ,
3 .  5 . 0 # - 3 . 4 7 ,  1 .38 2 .4 2
4 . ' 0 .% & 5.83 5 .8 3 *
5.  0 . 5 # o.%& 4 . 2 9 ,  4 .0 5 4 . 1 7
6 .  5 . 0 # 0 . 3 # 1 .85  • 1 .8 5 *
* n o t  a mean, o n l y  one v a l u e  d e t e r m i n e d .
TABLE 13 . H ea t  r e s i s t a n c e  a t  65 o f  s t r a i n s  of E.  c o l i  and  s a l m o n e l l a e  
i n  0 . 1  M p h o s p h a t e  b u f f e r ,  pH 6 . 5 ,  o r  i n  0 . 1  M p h o s p h a te  
b u f f e r  w i t h  35^  w/w g l u c o s e  o r  48^  w/w s u c r o s e .
A b i l i t y  
t o  u t i l i z e  
s u c r o s e
D. i n  b u f f e r  o 0 -1 / \o n i y ( s e c ;
mean
65 \s u c r o s e ( m i n ;
mean
65g l u c o s e  imin 
mean
S t r a i n D, _ b u f . D g l u e .
1 .8 9 5 .9 3  6 . 2 11 .5 9 50. 3 .9 0
1 .3 0
6 .5 5
1 .8 1 2 .0 5 3.22 3 .225 2 9 .5 1 .5 7
2 . 2 9 3 .2 3
c o l i 0 .76
0 . 90
0 . 8 3 1 .8 11.70 2 5 . 9 2 . 1 8
1 .6 0
8 . 0 2 .2 5
2 . 5 0
5 .8 5 6 . 3 7.375 2 . 68
6.88
Salm.
t y ph imurium 
7M 4987
4 . 0 1 .35 8 . 3 31 .5 8 6 .9 5 103 4 . 4 0
1 . 5 8 . 5 .5 7
1 .8 2
6 .7 1
6 . 1 1
2 .8 0
2 . 21
2 .3 2 2.725 9 .2
1 .95
H ea t  r e s i s t a n c e  o f  y e a s t s
S t u d i e s  were c a r r i e d  o u t  a t  o n l y  one a^  l e v e l  ( 0 . 9 5 )  i n  e ach  
s o l u t e .
F i g u r é s  12 and 13 show t h e  h e a t  r e s i s t a n c e  c u r v e s  o b t a i n e d  f o r
t h e  o s m o p h i l i c  y e a s t  s t r a i n s  A and B. U n l i k e  t h e  s a l m o n e l l a e ,  s t r a i g h t -
l i n e  r e l a t i o n s h i p s  were n o t  o b t a i n e d .  However ,  t h e  f i r s t  p a r t s  o f  t h e
c u r v e s  were a l m o s t  s t r a i g h t  and B ^ ^ - v a l u e s  were  c a l c u l a t e d  from t h e s e
i n  o r d e r  t o  compare r e s i s t a n c e  i n  d i f f e r e n t  s o l u t e s .  T a b le  14 shows
t h e  v a l u e s  o b t a i n e d .  Dea th  was so  r a p i d  i n  b u f f e r  a l o n e ,  o r  i n
28# PEG t h a t  D , _ v a l u e s  c o u ld  n o t  be e s t i m a t e d .65
The o r d e r  o f  i n c r e a s e d  h e a t  r e s i s t a n c e  f o r  y e a s t s  A and B was
s u c r o s e > s o r b i t o l  > g l y c e r o l > PEG. R e s i s t a n c e  i n  g l y c e r o lf r u c t o s e ^  ®
was o n l y  s l i g h t l y  l e s s  t h a n  i n  g l u c o s e  and f r u c t o s e .
The p r e l i m i n a r y  e x a m i n a t i o n  o f  t h e  n o n - o s m o p h l l i c  y e a s t  s t r a i n  D 
(Candida  u t i l i s ) showed t h a t  a f t e r  one min a t  65° no v i a b l e  c e l l s  c o u l d  
be d e t e c t e d  i n  aiiy s o l u t e  e x c e p t  s u c r o s e .  T h i s  i n d i c a t e d  t h a t  r e s i ­
s t a n c e  was l e s s  t h a n  t h a t  shown by t h e  o t h e r  two s t r a i n s ,  and t h a t  
r e s i s t a n c e  was maximal  i n  s u c r o s e ,  as  o b s e r v e d  f o r  t h e  s a l m o n e l l a e  and 
o s m o p h i l i c  y e a s t s .
4 .  DISCUSSION AND CONCLUSIONS
The i n c r e a s e  o f  m i c r o b i a l  r e s i s t a n c e  c a u s e d  by t h e  p r e s e n c e  o f  a 
s o l u t e  i n  t h e  h e a t i n g  mens truum can  be r e g a r d e d  as  i t s  d e g r e e  o f  p r o ­
t e c t i o n .
C o n s i d e r a t i o n  o f  t h e  d e g r e e  o f  p r o t e c t i o n  a t  e q u i v a l e n t  a^  shows t h a t  
w i t h  s a l m o n e l l a e  t h e  s o l u t e s  f a l l  i n t o  t h r e e  g r o u p s .  S u c r o s e . i s  t h e  
most  p r o t e c t i v e ;  g l u c o s e ,  s o r b i t o l  and f r u c t o s e  e ach  p r o v i d e  a s i m i l a r  
d e g r e e  o f  p r o t e c t i o n  b u t  l e s s  t h a n  s u c r o s e ;  g l y c e r o l  and PEG p r o v i d e  
v e r y  l i t t l e  p r o t e c t i o n .  A l th o u g h  t h e  d e g r e e  o f  p r o t e c t i o n  d i f f e r e d  
q u a n t i t a t i v e l y ,  a l l  s o l u t e s  t e n d e d  t o  g i v e  s i m i l a r  sha p ed  c u r v e s  o f  h e a t
r e s i s t a n c e  a g a i n s t  a^  e x c e p t  g l y c e r o l ,  where  maxima were  o b s e r v e d  -  b u t
.. . -  98 - .  ;
" A
0-001
0-0001
T i m e  of  h e a t i n g  ( m i n )
FIGURE 12 H ea t  s u r v i v a l  c u r v e s  o f  S c h i z o s a c c h a r omy c e s  pombe NCYC 380 
( y e a s t  a ) a t  65°  i n  0 . 1  M p h o s p h a te  b u f f e r  w i t h  35^ w/w 
s o r b i t o l @  ; 35^  w/w g l u c o s e  o ; 35^ w/w f r u c t o s e  A ;
' i f j  / ' i f T  c:ii n  VÏ £3 . v  • • t.? /t.r rv 1 *6 I A * ' .
100
001
T i m e  o f  h e a t i n o  ( m i n )
F i g u r e
a t  65^ i n  0 . 1  M p h o s p h a t e  b u f f e r  w i t h  35^ w/w s o r b i t o l ©  ; 
35^ w/w g l u c o s e  o ; 35?^ w/w f r u c t o s e / !  ; 48^  w/w s u c r o s e  x ;
25^  w/w g l y c e r o l  A .
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TABLE 14 D ^ ^ - v a lu e s  o f  o s m o p h i l i c  y e a s t s  S c h i z o s a c c h a r o m y c e s  pombe 
(yea s t . .  A), and Saccharomyces  r o u x i i  ( y e a s t  B) i n  v a r i o u s  
s o l u t i o n s  c o n t a i n i n g  0 . 1  M p h o s p h a t e  b u f f e r  pH 6 .5  ( a ^  O .9 5 )
—
s o l u t e  (w/w) i n
0 . 1  M PO^ b u f f e r  — 4
 ^ “ 65 '
Y e a s t  A
min)
Y e a s t  B
48^  s u c r o s e 1 .475 1 .9 9
1 .8 4
35?b s o r b i t o l 0 .7 3 3 0 .8 0 8
1 .08
359  ^ g l u c o s e 0 .4 1 3 0 .5 5 0
0 .3 2 0
35/^ f r u c t o s e 0 .2 6 8 0 .5 8 1
0 .1 5 6
25% g l y c e r o l 0 .2 1 0 0 .2 7 9
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b e c a u s e  g l y c e r o l  i s  f r e e l y  m i s c i b l e  w i t h  w a t e r  i t  wa,s p o s s i b l e  t o  
examine t h e  whole a.^  ^ r a n g e .  S t u d i e s  on h e a t  r e s i s t a n c e  o f  f r e e z e -  
d r i e d  s a l m o n e l l a e  ( A l d e r t o n  & H a l b ro o k ,  1973)  o r  o f  b a c t e r i a l  s p o r e s  
( M u r r e l l  & S c o t t ,  1966) e q u i l i b r a t e d  w i t h  a tm o s p h e re s  o f  a  r a n g e  o f  
r e l a t i v e  h u m i d i t i e s  have  shown s i m i l a r  D -v a lu e  maxima. H&rnulv &
Snygg ( 1972 ) showed a r e l a t i o n  be tw een  s p o r e  h e a t  r e s i s t a n c e  and w a t e r  
a c t i v i t y  s i m i l a r  t o  t h a t  o b s e r v e d  i n  t h i s  s t u d y  e x c e p t  t h a t  t h e  i n c r e a s e  
i n  r e s i s t a n c e  was much l a r g e r .  Gibson  (1970,  1973)  o b s e r v e d  r e l a t i o n ­
s h i p s  f o r  h e a t  r e s i s t a n c e  v e r s u s  a  w h ich  were v e r y  d i f f e r e n t  f rom t h o s e  
^  w
o b t a i n e d  i n  t h i s  s t u d y .  Our work on p u r e  s o l u t e s  and m i x t u r e s  o f
s o l u t e s  i n d i c a t e s  t h a t  h e r  anomalous r e s u l t s  were p r o b a b l y  due t o  t h e
u s e  o f  m i x t u r e s  o f  s u c r o s e  and g l u c o s e .  In  a d d i t i o n ,  t h e  o b s e r v e d
^o v a l u e s  f o r  t h e  s t r a i n  o f  Sa lm.  t y ph im ur ium  t e s t e d  were v e r y  much
lower  t h a n  t h o s e  o b t a i n e d  i n  t h e  p r e s e n t  s t u d y  -  f o r  i n s t a n c e  a t  a^
0 . 9 0  h e r  D . _ _ v a l u e  was 2 m i n u t e s ,  w h e re as  o u r  D , _ v a l u e  ( f o r  a 6 5 .5  65
d i f f e r e n t  Salm.  t y p h im u r iu m  s t r a i n )  was 16 m i n u t e s ,  and w i t h  S a l m . 
s e n f t e n b e r g  775# h e r  ^ v a l u e  was 5 m in u t e s  and ou r  v a l u e  was 20 
m i n u t e s .  I t  seems u n l i k e l y  t h a t  0 . 5 °  c o u l d  make such b i g  d i f f e r e n c e s  
i n  D v a l u e s ,  b u t  t h e s e  d i f f e r e n c e s  may be e x p l a i n e d  by t h e  h e a t i n g  method 
u s e d .  In  t h e  e a r l i e r  work t h e  o r g a n i s m s ,  s u s p e n d e d  i n  R i n g e r ' s  s o l u t i o n ,  
were added d i r e c t l y  t o  t h e  h o t  s u g a r  s o l u t i o n s .  Thus t h e  o r g a n i s m s  would 
have b e e n  exp o s ed  s i m u l t a n e o u s l y  t o  a l e t h a l  h e a t i n g  t e m p e r a t u r e  and t o  
a  h i g h  o s m o t i c  p r e s s u r e .  In  our  s t u d y  t h e  o r gan i sm s  were a l l o w e d  to  
e q u i l i b r a t e  w i t h  t h e  s u g a r  s o l u t i o n s  a t  room t e m p e r a t u r e  b e f o r e  h e a t i n g  
-  as  would o c c u r  i n  t h e  p r a c t i c a l  s i t u a t i o n  i n  f o o d s .  Our s t u d i e s  show 
t h a t  ( a t  5 ) s t o r a g e  would n o t  be a d e q u a t e  t o  s a l m o n e l l a e  i n
s u g a r  s o l u t i o n s .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  s a l m o n e l l a e  s u r v i v e  
p o o r l y  i n  g l y c e r o l  s o l u t i o n s ,  which  a l s o  gave po o r  p r o t e c t i o n  d u r i n g  
h e a t i n g ,  and t h a t  s u r v i v a l  i n  s u c r o s e  was v e r y  good .
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Y e a s t s  a l s o  were p r o t e c t e d  by  s o l u t e s  d u r i n g  h e a t i n g ,  b u t  were 
l e s s  r e s i s t a n t  t h a n  t h e  s a l m o n e l l a e ,  ' T a i l s '  ( see  I I . 6 . i )  were 
o b t a i n e d  on s u r v i v a l  c u r v e s ,  which  made d i f f i c u l t  c o m p a r i s o n  o f  r e s i ­
s t a n c e  i n  d i f f e r e n t  s o l u t e s .  The t a i l s  may have  be e n  due t o  t h e  
p r e s e n c e  o f  a  m i n o r i t y  o f  r e s i s t a n t  c e l l s ,  p o s s i b l y  a s c o s p o r e s ,  a l t h o u g h  
t h e s e  were  n o t  d e t e c t e d  m i c r o s c o p i c a l l y .  The y e a s t s  were l e s s  r e s i ­
s t a n t  t h a n  t h e  s a l m o n e l l a e  i n  a l l  s o l u t e s  e x c e p t  g l y c e r o l ^  where  
v a l u e s  were s i m i l a r .  As w i t h  t h e  s a l m o n e l l a e ,  s u c r o s e  was t h e  mos t  
p r o t e c t i v e  s o l u t e ,  b u t  s o r b i t o l  was more p r o t e c t i v e  t h a n  f r u c t o s e  and 
g l u c o s e  f o r  t h e  y e a s t s ,  w h i l e  f o r  t h e  s a l m o n e l l a e  t h e s e  t h r e e  s o l u t e s  
gave s i m i l a r  p r o t e c t i o n .  D v a l u e s  f o r  y e a s t s  i n  g l y c e r o l  were  s i m i l a r  
t o  t h o s e  i n  g l u c o s e  and f r u c t o s e .
Comparison,  o f  D v a l u e s  f o r  s t r a i n s  o f  E.  c o l i  showed t h a t  a b i l i t y  
t o  u t i l i z e  s u c r o s e  was n o t  r e l a t e d  t o  d e g r e e  o f f b e a t  r e s i s t a n c ^ .  Hea t  
r e s i s t a n c e  o f  t h e  s t r a i n s  o f  E.  c o l i  examined  was o f  t h e  same o r d e r  a s  
t h a t  o f  t h e  s a l m o n e l l a e .
The work on g l u c o s e / s u c r o s e  m i x t u r e s  c o n f i r m s  and e x t e n d s  t h e  
o b s e r v a t i o n  o f  F o s t e r  e t  a l . (1970)  t h a t  even  a s m a l l  p r o p o r t i o n  o f  
g l u c o s e  i n  s u c r o s e  s o l u t i o n  r e s u l t s  i n  a b i g  d e c r e a s e  i n  h e a t  r e s i s t a n c e .  
Most food  p r o d u c t s  c o n t a i n  m i x t u r e s  o f  s u g a r s  and i t  would  be u s e f u l  t o  
be a b l e  t o  p r e d i c t  h e a t  r e s i s t a n c e .  The r e s u l t s  o b t a i n e d  h e r e  f o r  
m i x t u r e s  o f  s u c r o s e  w i t h  g l y c e r o l  make i t  p o s s i b l e  t o  p r e d i c t  r e s i s t a n c e  
b u t  o n l y  a t  two a^  l e v e l s  a t  6 5 ° .  F u r t h e r  work would be n e c e s s a r y  t o  
i n v e s t i g a t e  t h e  r e l a t i o n s h i p  be tw een  a.^ and t e m p e r a t u r e ,  and t o  d e t e r ­
mine t h e  e f f e c t  o f  o t h e r  s o l u t e  m i x t u r e s .  However ,  f oods  a r e  g e n e r a l l y  
m i x t u r e s  o f  more t h a n  two components  so t h a t  p r e d i c t i o n  o f  s a l m o n e l l a ,  
h e a t  r e s i s t a n c e  would  be  v e r y  d i f f i c u l t .  A more r e a l i s t i c  method would  
be t o  t r e a t  t h e  i n g r e d i e n t s  s e p a r a t e l y  b e f o r e  m ix i n g ,  o r  t o  d e t e r m i n e  
h e a t  r e s i s t a n c e  i n  t h e  c o m p l e t e  m i x t u r e .  A d d i t i o n  of  1 %  p e p to n e  t o
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s u c r o s e  s o l u t i o n s  r e d u c e s  h e a t  r e s i s t a n c e  c o n s i d e r a b l y  ( G o e p f e r t ,  1972,  
p e r s o n a l •com m un ica t ion )  and many s u b s t a n c e s  o t h e r  t h a n  s u g a r s  have  b e e n  
shown t o  r e d u c e  o r  i n c r e a s e  h e a t  r e s i s t a n c e  ( s e e  Hansen & Riemann,  1963)  
Knowledge o f  t h e  mechanism o f  i n c r e a s e d  h e a t  r e s i s t a n c e  would  e n a b l e  
p r e d i c t i o n  o f  s u i t a b l e  a d d i t i v e s  t o  r e d u c e  r e s i s t a n c e .
E x a m i n a t i o n  o f  t h e  e f f e c t s ^ i n  t h e  p r e s e n c e  o f  48^  w/w s u c r o s e ^ o f  
t h e  two a n t i m y c o t i c  s u b s t a n c e s  u s e d  i n  i n t e r m e d i a t e  m o i s t u r e  f o o d s ,  
showed t h a t  b o t h  r e d u c e d  v a l u e s  compared  t o  t h o s e  i n  48^  s u c r o s e
a l o n e .  P l i t m a n  e t  a l . (1973)  have shown t h a t  15% p r o p y l e n e  g l y c o l  i n  
i n t e r m e d i a t e  m o i s t u r e  fo o d  was b a c t e r i c i d a l  t o  S t a p h ,  a u r e u s ,  a l t h o u g h  
t h e  l e v e l s  u sed  h e r e  had  no e f f e c t  on s a l m d n e l l a  v i a b i l i t y .  The 
e f f e c t  o f  p r o p y l e n e  g l y c o l  i n  r e d u c i n g  h e a t  r e s i s t a n c e  m igh t  have been  
due t o  a  mechanism s i m i l a r  t o  t h a t  o b s e r v e d  w i t h  g l y c e r o l  mixed i n  
s m a l l  p r o p o r t i o n s  w i t h  s u c r o s e  s o l u t i o n s .  S o r b a t e  has  been  shown t o  
i n h i b i t  g rowth  of  Sa lm.  t y p h im u r iu m  ( P a rk  & M a r th ,  1972)  b u t  n o t  a t  such  
a h i g h  pH l e v e l .  I t  seems p r o b a b l e  t h a t  t h e  e f f e c t  on h e a t  r e s i s t a n c e  
m igh t  a l s o  be g r e a t e r  i f  t h e  pH were low er  ( t h i s  would,  r e s u l t  i n  a 
l a r g e r  p r o p o r t i o n  o f  t h e  u n d i s s o c i a t e d  a c i d  which  i s  c o n s i d e r e d  t o  be 
t h e  a c t i v e  a g e n t  ( F r e e s e ,  Sheu & G a l l i e r s ,  1 9 7 3 ) ) .  I n v e s t i g a t i o n  o f  
t h e s e  compounds and o t h e r s  would  be u s e f u l  i n  o r d e r  t o  f i n d  ways o f  
r e d u c i n g  b a c t e r i a l  (and y e a s t )  h e a t  r e s i s t a n c e  i n  s i t u a t i o n s  o f  low a ^ .
5.  SUMMARY
The h e a t  r e s i s t a n c e  a t  65° o f  t h r e e  s t r a i n s  o f  s a l m o n e l l a e  i n  
s o l u t i o n s  o f  s u g a r s  o r  p o l y o l s  was en h a n ce d  as  t h e  c o n c e n t r a t i o n  o f  t h e  
s o l u t e s  i n c r e a s e d .  There  was no l i n e a r  r e l a t i o n s h i p  be tw een  h e a t  
r e s i s t a n c e  and w a t e r  a c t i v i t y  ( a ^ J ,  b u t  f o r  a l l  s o l u t e s  e x c e p t  g l y c e r o l  
t h e r e  was a l i n e a r  r e l a t i o n s h i p  b e tw e en  l o g  and p e r  c e n t  (w/w) 
s o l u t e .  Comparison o f  v a l u e s  a t  one a.^  ^ o r  p e r  c e n t  (w/w) s o l u t e  
c o n c e n t r a t i o n  showed s u c r o s e  g l u c o s e  ^  s o r b i t o l  )> ' f ruc to se  >  g l y c e r o l ,
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In g l y c e r o l  v a l u e s  were  a lw ays  v e r y  much lower  t h a n  i n  any  o t h e r
s o l u t e .
With  s u c r o s e / g l y c e r o l  o r  s u c r o s e / g l u c o s e  m i x t u r e s ,  h e a t  r e s i s t a n c e
depended  b o t h  on t h e  t o t a l  p e r  c e n t  (w/w) s o l u t e s  p r e s e n t ,  and a l s o  on
t h e  a^  o f  t h e  s o l u t i o n .  Hea t  r e s i s t a n c e  i n  s u c r o s e  was r e d u c e d  by
a d d in g  p r o p y l e n e  g l y c o l  o r  p o t a s s i u m  s o r b a t e ,
A s i m i l a r  s t u d y  o f  t h e  h e a t  r e s i s t a n c e  o f  two s t r a i n s  o f  o s m o p h i l i c
y e a s t ,  b u t  a t  one a^  l e v e l  o n l y ,  showed t h a t  v a l u e s  were l o w e r  t h a n
t h o s e  o b t a i n e d  f o r  s a l m o n e l l a e  i n  e v e r y  s o l u t e  e x c e p t  g l y c e r o l .  The
o r d e r  o f  p r o t e c t i o n  o f  t h e  s o l u t e s  a t  a 0 .95  was s u c r o s e s o r b i t o l >w ^
IviC OS©^ j. S  g l y c e r o l .  I n  c o n t r a s t  t o  t h e  r e s u l t s  o b t a i n e d  w i t h  t h e  f r u c t o s e  /  ^
s a l m o n e l l a e ,  s o r b i t o l  was s u b s t a n t i a l l y  more p r o t e c t i v e  t h a n  g lucose ,  and 
f r u c t o s e .
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PART V
INVESTIGATIONS OF MECHANISMS OF INCREASED 
HEAT RESISTANCE
V . I .  the  e f f e c t s  of  sugars and polyols  on TEE MORPHOLOGY OF 
SALMONELLA AND YEAST CELLS
V . 1 . 1 .  INTRODUCTION
S i n c e  i n v e s t i g a t i o n s  o f  h e a t  r e s i s t a n c e  showed t h a t  t h e r e ,  were 
l a r g e  d i f f e r e n c e s  i n  p r o t e c t i o n  b e tw een  d i f f e r e n t  s o l u t e s  ( P a r t  IV ) ,  
i t  was d e c i d e d  t h a t  i t  would  be u s e f u l  t o  i n v e s t i g a t e  a n y  m o r p h o l o g i ­
c a l  d i f f e r e n c e s  i n  c e l l s . su s p e n d e d  i n  d i f f e r e n t  s o l u t e s .  O b s e r v a t i o n s  
by  o t h e r  w o r k e r s  o f  t h e  e f f e c t s  o f  s u g a r s  and p o l y o l s  on m i c r o - o r g a n i s m s  
and t h e  mechanisms  o f  t r a n s p o r t  i n v o l v e d  have  been  d i s c u s s e d  e l s e w h e r e  
( see  I I . 4 i i i  & i v ) .  Gram n e g a t i v e  b a c t e r i a  have  b e e n  shown t o  
p l a s m o ly z e  when p l a c e d  i n  v a r i o u s  h y p e r t o n i c  s o l u t i o n s .  E . c o l i  i s  
p l a s m o l y z e d  by s u c r o s e  ( S c h e i e ,  1 9 6 9 ) ,  b u t  does  n o t  a p p e a r  t o  be 
p l a s m o l y z e d  i n  g l y c e r o l  (Robinow, I 9 6 0 ) .  The t e r m  ' p l a s m o l y z i n g * i s  
t a k e n  h e r e  t o  d e s c r i b e  t h e  e f f e c t  o f  a h y p e r t o n i c  s o l u t i o n  on a  c e l l  
i n  wh ich  t h e  c y t o p l a s m  s h r i n k s  and t h e  c y t o p l a s m i c  membrane a l s o  p a r t s  
f rom t h e  c e l l  w a l l .  I n f o r m a t i o n  on y e a s t s  s u g g e s t s  t h a t  t h e r e  i s  a 
s t r o n g e r  l i n k  be tw een  t h e  c y t o p l a s m i c  membrane and t h e  c e l l  w a l l ,  so  
t h a t  im m ers ion  i n  h y p e r t o n i c  s o l u t i o n s  c a u s e s  r e d u c t i o n  i n  c e l l  s i z e  
w i t h o u t  p l a s m o l y s i s  (Kotyk & M icheI j a n i k o v a ,  1969;  L i l l e h o j  & 
O t t o l e n g h i ,  1 9 6 7 ) .
V . I . 2 .  MATERIALS & METHODS 
Phase  c o n t r a s t  l i g h t  m ic r o s c o p y
oSalm.  typh im ur ium  7M 4987 was grown f o r  18 h a t  37 on HIA s l o p e s  
and y e a s t s  B, D & F were grown f o r  2 da y s  a t  25° on MEA s l o p e s  o r  f o r  
4 days  on OA s l o p e s .  S m a l l  q u a n t i t i e s  o f  c e l l s  were  e m u l s i f i e d  i n  
d r o p s  o f  s u g a r  s o l u t i o n s  on m ic r o s c o p e  s l i d e s  and  examined  u s i n g  a 
L e i t z  O r t h o l u x  pha se  c o n t r a s t  m i c r o s c o p e .  The s o l u t i o n s  were o f  t h e  
same c o m p o s i t i o n  a s  t h o s e  u s e d  i n  t h e  he a t  r e s i s t a n c e  s t u d i e s  ( s e e
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P a r t  I V ) ,  The a p p e a r a n c e  o f  t h e  o r g a n i s m s  i n  d i s t i l l e d  w a t e r  was 
compared w i t h  t h a t  i n  t h e  s u g a r  and p o l y o l  s o l u t i o n s .
F r e e z e - e t c h  e l e c t r o n  m ic r o s c o p y
Salm.  typh im ur ium  7M 4987 and y e a s t  B (S a c c h .  r o u x i i ) were 
examined .  100 ml o f  an  18 h 37° s t a t i c  c u l t u r e  o f  4987 i n  HIB, o r
100 ml o f  a  2 day 25° s t a t i c  c u l t u r e  o f  y e a s t  B were u s e d .  The 
o r gan i sm s  were h a r v e s t e d  b y . c e n t r i f u g i n g  a t  6 ,0 0 0  xg f o r  10 min a t
o
10 , r e s u s p e n d e d  i n  t h e  a p p r o p r i a t e  s o l u t i o n  and c e n t r i f u g e d  a g a i n  a t  
26 ,0 0 0  xg f o r  20 min a t  10° .  The o r g a n i s e s  were washed t w i c e  more 
i n  t h e  same s o l u t i o n ,  t h e  s u p e r n a t a n t  b e i n g  d i s c a r d e d  e a ch  t i m e .  The 
p e l l e t  o f  c e l l s  was a l l o w e d  t o  s t a n d  a t  room t e m p e r a t u r e  f o r  a n o t h e r  
30 min and sam ples  were f r e e z e - e t c h e d  u s i n g  an  FE600 u n i t  (NGN C o . ,  
A c c r i n g t o n ,  L a n c s . ) .  The method u s e d  was t h a t  o f  S t e e r e  (1 9 5 7 ) ,  a s  
m o d i f i e d  by  Moore e t  a l . ( l 9 6 l ) .  A p l a t i n u m  r e p l i c a  was p r e p a r e d  w i t h  
a c a r b o n  b a c k i n g  and a d h e r i n g  c e l l s  were removed from t h e  r e p l i c a  u s i n g  
sodium h y p o c h l o r i t e  s o l u t i o n  f o l l o w e d  by d i s t i l l e d  w a t e r .  The r e p l i c a s ,  
were examined  u s i n g  a H i t a c h i  HS7S e l e c t r o n  m i c r o s c o p e .  Morphology 
was examined  a t  one c o n c e n t r a t i o n  f o r  e a ch  s o l u t e  ( a t  a 0 . 9 5 )  w i t h  
0 . 1  M p h o s p h a t e  b u f f e r ,  a s  u s e d  f o r  t h e  h e a t  r e s i s t a n c e  d e t e r m i n a t i o n .
V . I . 3 .  RESULTS 
L i g h t  m ic r o s c o p y
R e s o l u t i o n  u n d e r  p h a s e  c o n t r a s t  i l l u m i n a t i o n  was a f f e c t e d  by t h e  
h i g h  r e f r a c t i v e  i n d e x  o f  t h e  s u s p e n d i n g  s o l u t i o n s .  P l a t e s  I  and I I  
summarize t h e  r e s u l t s  o b t a i n e d  w i t h  s a l m o n e l l a  s t r a i n  4987 .  In  
s u c r o s e ,  g l u c o s e ,  f r u c t o s e  and s o r b i t o l  a t  a l l  c o n c e n t r a t i o n s  t h e  c e l l s  
were  r e d u c e d  i n  s i z e  by a b o u t  33% compared w i t h  t h o s e  i n  w a t e r .  I n  
a d d i t i o n ,  c e l l s ,  p a r t i c u l a r l y  i n  s u c r o s e  s o l u t i o n s ,  showed a s t r i p e d
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PLATE I  Phase  c o n t r a s t  p h o t o m i c r o g r a p h s  o f  S a l m o n e l l a  t y p h im u r iu m  
7M 4987 i n  ( a )  w a t e r ;  and i n  0 . 1  M p h o s p h a t e  b u f f e r  pH 6 . 5  w i t h  
(b)  20% w/w s u c r o s e ,  a ca^. 0 . 9 9 ;  ( c )  45% w/w g l u c o s e ,  a^  ^ ca^. 0 . 9 1 5 ;
(d)  35% w/w f r u c t o s e ,  c_a. 0 . 9 5 .  ( x 4 , 0 6 0 )
w
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.PLATE I I  Phase  c o n t r a s t  p h o t o m i c r o g r a p h s  o f  S a l m o n e l l a  ty ph im ur ium  
7M 4987  i n  (a)  w a t e r ;  and i n  0 . 1  M p h o s p h a t e  b u f f e r  pK 6 . 5  w i t h  (b) 35% 
w/w s o r b i t o l ,  a £ a .  0 . 9 5 ;  (c)  96% w/w g l y c e r o l ,  a c a . 0 . 1 ;  (d)  78.5%w
w/w p o l y e t h y l e n e  g l y c o l  ( w i t h o u t  b u f f e r ) ,  ca_. 0 . 7 5 .  ( x 4 , 0 6 0 )
-  100
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PLATE I I I  Phase  c o n t r a s t  p h o t o m i c r o g r a p h s  o f  Saccharomyces  r o u x i i  NCYC 38: 
( y e a s t  B ) ,  grown on MEA f o r  two days  a t  2 5 ° ,  i n  ( a ) w a t e r ;  and i n  0 . 1  M 
p h o s p h a te  b u f f e r ,  pH 6 . 5  w i t h  (b) 45% w/w g l u c o s e ,  a^ £ a .  0 . 9 1 5 ;  ( c )  35%
w/w f r u c t o s e ,  a ^  c ^ .  0 . 9 5 ;  (d)  75% w/w s o r b i t o l
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PLATE IV Phase  c o n t r a s t  p h o t o m i c r o g r a p h s  o f  Saccharomyces  r o u x i i  
NCYC 381 ( y e a s t  B ) ,  grown on MEA f o r  two days  a t  2 5 ° ,  i n  (a)  w a t e r ;  
and i n  0 . 1  M p h o s p h a te  b u f f e r ,  pH 6 . 5  w i t h  (b)  20% w/w s u c r o s e ,  a^  ca 
0 . 9 9 ;  ( c )  48% w/v s u c r o s e ,  a^  ^ ca,. 0 . 9 5 ;  (d) 20% w/w s u c r o s e ,  a_ c a .
0 . 9 9 ,  b u t  grown on OA f o r  f o u r  days  a t  2 5 ° .  ( x 4 , 0 6 0 )
- 1 1 1 -
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PLA.TE V Phase  c o n t r a s t  p h o t o m i c r o g r a p n s  of  Saccharomyces  r o u x i i  
NCYC 381 ( y e a s t  B ) ,  grown on MEA, two days  a t  2 5 ° ,  i n  (a)  w a t e r ;
(b)  0 . 1  M p h o s p h a te  b u f f e r ,  pH 6 . 5 ,  w i t h  25% w/w g l y c e r o l ,  a^  c a . 
0 .95  and (c)  28% w/w p o l y e t h y l e n e  g l y c o l ,  cp., 0 . 9 5  ( x 4 , 0 6 0 )
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PLATE VI Phase  c o n t r a s t  p h o t o m i c r o g r a p h s  o f  Cand ida  u t i l i s  NCYC 359 
( y e a s t  D) grown on MEA f o r  two days  a t  2 5 ° ,  i n  ( a )  w a t e r ;  and i n  0 . 1  
M p h o s p h a t e  b u f f e r ,  pH 6 .5  w i t h  (b)  45% w/w g l u c o s e ,  a c a .  0 , 9 2 ,  (c)  35%
w/w s o r b i t o l ,  a, ca^* 0 . 9 5 ,  (d) 48% w/v s u c r o s e ,  a.^ _ca. 0 . 9 5 .  ( x 4 , 0 6 0 )
-  113 -
a p p e a r a n c e  -  due p e r h a p s  t o  p l a s m o l y s i s ,  w i t h  t h e  c y t o p l a s m  more 
dense  at, t h e  p o l e s  t h a n  i n  t h e  m idd le  o f  t h e  c e l l s .  In  g l y c e r o l  a n d ,  
P E G ' th e r e  was l i t t l e  r e d u c t i o n  i n  s i z e  and  no s t r i p e d  a p p e a r a n c e ^
The g r e a t e r  s i z e  o f  t h e  y e a s t  c e l l s  made phase  c o n t r a s t  exam ina ­
t i o n  e a s i e r .  With y e a s t  B ( P l a t e s  I I I  t o  V) r e d u c t i o n  i n  s i z e  was 
o b s e r v e d  w i t h  a l l  s o l u t e s  and a t  a l l  l e v e l s  o f  s o l u t e  examined .  
R e s o l u t i o n  was a g a i n  po o r  b u t  t h e  r e d u c t i o n  i n  s i z e  seemed t o  be 
a l m o s t  e n t i r e l y  a r e d u c t i o n  i n  w i d t h ,  e s p e c i a l l y  a t  t h e  m idd le  o f  t h e  
c e l l .  C e l l s  grown on MEA o r  OA a p p e a r e d  s i m i l a r  i n  20% (w/w) s u c r o s e  
( P l a t e  V) .  The o s m o p h i l i c  y e a s t  F gave r e s u l t s  v e r y  s i m i l a r  t o  y e a s t  
B, b u t  w i t h  t h e  n o n - c s m o p h i l i c  y e a s t  D (Cand ida  u t i l i s ) t h e r e  was an 
even  more marked r e d u c t i o n  i n  s i z e  o f  t h e  c e l l s  i n  g l u c o s e ,  f r u c t o s e ,  
s u c r o s e  and s o r b i t o l  ( P l a t e  V I ) .  The s h o r t  a x i s  o f  t h e  c e l l s  was 
r e d u c e d  by  up  t o  50% and t h e  long  a x i s  l e s s  t h a n  t h i s . Y e a s t  D was 
n o t  examined  i n  g l y c e r o l  o r  PEG.
E l e c t r o n  Mi c r o s c o p y
P l a t e s  V I I  t o  X I I I  summarize t h e  r e s u l t s  o b t a i n e d  by f r e e z e -  
e t c h i n g  t h e  s a l m o n e l l a .  I n  g l y c e r o l  t h e  c y to p l a s m  f i l l e d ,  o r  a l m o s t
i
f i l l e d  t h e  c e l l s  and a p p e a r e d  homogeneous ,  w he re as  i n  g l u c o s e ,  f r u c t o s e ,  
s o r b i t o l  and  PEG t h e  c y to p l a s m  had  s h r u n k  away from t h e  c e l l  w a l l s  -  
v e r y  o f t e n  g i v i n g  a d u m b - b e l l  l i k e  a p p e a r a n c e  a l o n g  t h e  l e n g t h  o f  t h e  
c e l l .  T h i s  t y p e  of  p l a s m o l y s i s  may be t h e  cause  o f  t h e  s t r i p e d  
a p p e a r a n c e  s e e n  u n d e r  pha se  c o n t r a s t  m i c r o s c o p y .  S p h e r i c a l  i n c l u s i o n s  
were f r e q u e n t l y  s e e n  w i t h i n  t h e  c e l l  w a l l s  b u t  o u t s i d e  t h e  c y t o p l a s m .  
These  a r e  p o s s i b l y  s t o r a g e  b o d i e s  e x t r u d e d  d u r i n g  p l a s m o l y s i s .  In  
s u c r o s e  t h e  c e l l  w a l l  a p p e a r e d  to  be c rum p led ;  t h i s  e f f e c t  was n o t  
s e e n  i n  o t h e r  s o l u t e s  t e s t e d .  E x a m in a t i o n  o f  c e l l s  i n  t h e  s u c r o s e /  
g l y c e r o l  m i x t u r e  w i t h  t h e  h i g h e s t  p r o p o r t i o n  o f  g l y c e r o l  a t  a,^ 0 .9 5  
(4% w/v s u c r o s e ,  20% w/w g l y c e r o l )  r e v e a l e d  t h a t ,  even  at, t h i s  l e v e l ,
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t h e  c e l l s  were  s t r o n g l y  p l a s m o l y s e d  ( P l a t e  X I l ) .  E x a m i n a t i o n  o f  
s a l m o n e l l a e ,  a f t e r  h e a t i n g  a t  65° i n  48% s u c r o s e  t o  g i v e  10% v i a b l e  
c e l l s ,  showed t h a t  t h e  morp ho logy  o f  t h e  c e l l s  had changed  by c o m p a r i ­
son  w i t h  t h e  u n h e a t e d  c e l l s  i n  s u c r o s e  ( P l a t e  X I I l ) .  C e l l  w a l l s  
were no l o n g e r  c rum pled  and t h e  l i m i t s  o f  t h e  c y to p l a s m  were  no l o n g e r  
c l e a r l y  d e f i n e d  ( i n d i c a t i n g  membrane damage) and t h e  c y t o p l a s m  a p p e a r e d  
t o  be m o s t l y  l o c a t e d  n e x t  t o  t h e  w a l l s  w i t h  empty s p a c e s  i n  t h e  m id d le  
o f  t h e  c e l l s .  The c y t o p l a s m i c  i n c l u s i o n s  s e e n  c l e a r l y  i n  u n h e a t e d  
p l a s m o l y s e d  p r e p a r a t i o n s  were v i s i b l e  o n l y  r a r e l y .
Measurement  o f  t h e  f r e e z e - e t c h e d  y e a s t  c e l l s  i n  v a r i o u s  s o l u t e s  
( P l a t e s  XIV -  XIX) d i d  n o t  i n d i c a t e  s i g n i f i c a n t  d i f f e r e n c e s  i n  s i z e ,  
b u t  c o m p a r i s o n  w i t h  c e l l s  i n  d i s t i l l e d  w a t e r  o r  p h o s p h a t e  b u f f e r  was 
n o t  p o s s i b l e  u s i n g  t h e  f r e e z e  e t c h  t e c h n i q u e .  P r e p a r a t i o n s  made a f t e r  
f r e e z e - e t c h i n g  f o r  3 min i n d i c a t e d  t h a t  t h e r e  was a  s p a c e  b e tw e e n  t h e  
w a l l  and t h e  c y to p l a s m  o f  c e l l s  s u s p e n d e d  i n  s u c r o s e  and s o r b i t o l .
T h i s  was n o t  v i s i b l e  i n  c e l l s  s u s p e n d e d  i n  t h e  o t h e r  s o l u t e s .  However ,  
t h e  p o s i t i o n  o f  t h e  c e l l  w a l l  was d i f f i c u l t  t o  l o c a t e  and f u r t h e r  
e t c h i n g  was c a r r i e d  o u t  on f r e s h  sam ples  o f  c e l l s  i n  s u c r o s e  and  g l y c e r o l  
The e t c h i n g  was c o n t i n u e d  f o r  15 min.  P l a t e s  XV and XVII show t h e  
r e s u l t s .  A c l e a r l y  d e f i n e d  gap was v i s i b l e  be tw een  t h e  c e l l  w a l l s  
and c y t o p l a s m  when t h e  c e l l s  were i n  s u c r o s e ,  b u t  n o t  when t h e y  were 
i n  g l y c e r o l .
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PLATE V I I  F r e e z e - e t c h  e l e c t r o n  p h o t o m i c r o g r a p h  o f  S a l m o n e l l a  t y p h im u r iu m  
7M 4987 i n  0 . 1  M p h o s p h a t e  b u f f e r ,  pH .6 . 5  w i t h  30% w/w g l y c e r o l ,  a  p a .  
0 . 9 1 .  { X 1 9 ,5 0 0 )
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PLATE V I I I  F r e e z e - e t c h  e l e c t r o n  p h o t o m i c r o g r a p h  o f  S a l m o n e l l a 
typ h im u r iu m  7M 4987 i n  0 . 1  M p h o s p h a te  b u f f e r ,  pH 6 . 5  w i t h  48% 
w/w s u c r o s e ,  a^  p a ,  0 . 9 5 .  ( x  2 9 ,5 0 0 )
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PLATE IX F r e e z e - e t c h  e l e c t r o n  p h o t o m i c r o g r a p h  o f  S a l m o n e l l a  t y p h im u r i u m  
7M 4987 i n  0 . 1  M p h o s p h a t e  b u f f e r  pH 6 . 5  w i t h  35^ w/w g l u c o s e ,  a ^  c a . 
0 . 9 5 .  ( X 5 2 ,5 0 0 )
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PLATE X F r e e z e - e t c h  e l e c t r o n  p h o t o m i c r o g r a p h  o f  S a l m o n e l l a  ty p h im u r iu m  
7M 4987 i n  0 . 1  M p h o s p h a t e  b u f f e r ,  pH 6 . 5  w i t h  35^ w/w s o r b i t o l ,  a^  c a . 
0 . 9 5 .  ( X 4 9 , 0 0 0 ) .
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PLATE XI F r e e z e - e t c h  e l e c t r o n  p h o t o m i c r o g r a p h  o f  S a l m o n e l l a  
ty p h im u r iu m  7M 4987 i n  28^ w/w p o l y e t h y l e n e  g l y c o l ,  a^  £ a .  0 .95  
( X 4 9 , 0 0 0 )
-  120  -

PLATE X I I  F r e e z e - e t c h  e l e c t r o n  p h o t o m i c r o g r a p h  o f  Salmone11a 
typ h im u r iu m  i n  0 . 1  M p h o s p h a te  b u f f e r ,  pH 6 . 5  w i t h  20^ w/w g l y c e r o l  
and 4^ w/w s u c r o s e ,  a^  jca. 0 . 9 5 .  ( x 1 6 ,0 0 0 )
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PLATE X I I I  F r e e z e - e t c h  e l e c t r o n  p h o t o m i c r o g r a p h  o f  S a l m o n e l l a  
t yph im ur ium  7M 4987 i n  0 , 1  M p h o s p h a te  b u f f e r ,  pH 6 . 5  w i t h  48^  w/w 
s u c r o s e ,  £ a .  0 . 9 5 ,  a f t e r  h e a t i n g  a t  65*  ^ t o  g i v e  1 0 /  v i a b l e  c e l l s
( X 1 6 , 000 )
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PLATE XIV F r e e z e - e t c h  e l e c t r o n  p h o t o m i c r o g r a p h  o f  Saccharomyces  
r o u x i i  NCYC 381 i n  0 . 1  M p h o s p h a te  b u f f e r ,  pH 6 . 5 ,  w i t h  2 5 /  w/w 
g l y c e r o l ,  a^ c ^ .  0 . 9 5 ,  e t c h e d  f o r  t h r e e  m i n u t e s .  ( x 1 9 ,0 0 0 )  -
- 123 -
m
PLATE XV F r e e z e - e t c h  e l e c t r o n  p h o t o m i c r o g r a p h  o f  S a c c h a romyces 
r o u x i i  NCYC 381 i n  0 . 1  M p h o s p h a te  b u f f e r ,  pH 6 . 5 ,  w i t h  2 5 /  w/w 
g l y c e r o l ,  c_a. 0 . 9 5 ,  e t c h e d  f o r  15 m i n u t e s .  ( x 2 4 ,0 0 0 )
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PLATE X\^I F r o e z e - e t c h  e l e c t r o n  p h o t o m i c r o g r a p h  o f  Saccharomyces  
r o u x i i  NCYC 381 i n  0 . 1  M p h o s p h a te  b u f f e r ,  pH 6 . 5 ,  w i t h  4 8 /  w/w 
s u c r o s e ,  a ^  c ^ .  0 . 9 5 ,  e t c h e d  f o r  t h r e e  m i n u t e s .  ( x 3 6 , 0 0 0 . )
- 125 -

PLATE XVII F r e e z e - e t c h  e l e c t r o n  p h o t o m i c r o g r a p h  o f  Saccharomyces  
r o u x i i  NCYC 381 i n  0 . 1  M p h o s p h a te  b u f f e r ,  pH 6 . 5  w i t h  4 8 /  w/w 
s u c r o s e ,  a ^  ça,.  0 . 9 5 ,  e t c h e d  f o r  15 m i n u t e s .  ( x 2 0 ,0 0 0 )
-  126  -
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PLATE XVIII  F r e e z e - e t c h  e l e c t r o n  p h o t o m i c r o g r a p h  o f  Saccharomyces  
r o u x i i  NCYC 381 i n  0 . 1  M p h o s p h a t e  b u f f e r ,  pH 6 . 5 ,  w i t h  3 5 /  w/w 
g l u c o s e ,  a  _ca. 0 . 9 5 ,  e t c h e d  f o r  t h r e e  m i n u t e s .  ( x 2 6 ,0 0 0 )
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PLATE XIX F r e e z e - e t c h  e l e c t r o n  p h o t o m i c r o g r a p h  o f  Saccharomyces  
r o u x i i  NCYC 381 i n  0 . 1  M p h o s p h a te  b u f f e r ,  pH 6 . 5 ,  w i t h  3 5 /  w/w 
s o r b i t o l ,  a^ c ^ .  0 . 9 5 ,  e t c h e d  f o r  t h r e e  m i n u t e s .  ( x 4 9 ,0 0 0 )
- 128

PLATE XX F r e e z e - e t c h  e l e c t r o n  p h o t o m i c r o g r a p h  o f  Saccharomyces  
r o u x i i  NCYC 381 in  0 . 1  M p h o s p h a t e  b u f f e r ,  pH 6 . 5 ,  w i t h  3 5 /  w/w 
f r u c t o s e ,  a^ ca .^ 0 . 9 5 ,  e t c h e d  f o r  t h r e e  m i n u t e s .  (x 5 7 ,0 0 0 )
- 129 -
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V . I . i v  DISCUSSION ..
E x a m i n a t i o n  o f . t h e  o rg an i s m s  by pha se  c o n t r a s t  v a s  hampered  by 
poo r  r e s o l u t i o n .  However ,  i n  t h e  c a se  o f  s a l m o n e l l a e  t h e r e  a p p e a r e d  
t o  be p l a s m o l y s i s  i n  s u c r o s e ,  g l u c o s e ,  f r u c t o s e  and s o r b i t o l  s o l u t i o n s .  
F r e e z e - e t c h  e l e c t r o n  m ic r o s c o p y  c o n f i r m e d  t h i s ,  b u t  p l a s m o l y s i s  i n  PEG 
a l s o  was d e t e c t e d  by e l e c t r o n  m i c r o s c o p y .  G l y c e r o l  d i d  n o t  c a use  
p l a s m o l y s i s .  However ,  a m i x t u r e  o f  g l y c e r o l  and as  l i t t l e  a s  4% (w/w) 
s u c r o s e  d i d  c a u se  p l a s m o l y s i s  ( P l a t e  X l l ) .  C o ta -R o b le s  (1963)  s t u d i e d  
e a r l y  l o g - p h a s e  E.  c o l i  c e l l s  p l a s m o ly z e d  i n  s u c r o s e  s o l u t i o n  u s i n g  
c o n v e n t i o n a l  s t a i n i n g ,  f i x i n g  and s e c t i o n i n g  t e c h n i q u e s  f o r  e l e c t r o n  
m i c r o s c o p y .  His  r e s u l t s  showed c e n t r a l  v a c u o l e s  i n  d i v i d i n g  c e l l s  and 
end v a c u o l e s  i n  o t h e r  c e l l s ,  numerous c o n n e c t i o n s  were o b s e r v e d  b e tw e en  
c y t o p l a s m i c  membrane and c e l l  w a l l s .  The s t u d y  o f  Alemohammad &  Knowles 
( 19 7 4 ) u s i n g  l a t e  l o g - p h a s e  E.  c o l i  c e l l s  and t e c h n i q u e s  s i m i l a r  t o  
C o t a - R o b l e s ,  gave p i c t u r e s  i n  s u c r o s e  s i m i l a r  t o  t h o s e  d e s c r i b e d  h e r e  -  
d u m b - b e l l  shaped  c y to p l a s m  w i t h  few p o i n t s  o f  c o n t a c t  b e tw e en  t h e  
c y t o p l a s m i c  membrane and c e l l  w a l l s .  However ,  e x a m i n a t i o n  o f  c e l l s  
p l a s m o l y z e d  i n  i o n i c  s o l u t e s  su c h  as  NaCl o r  MgCl^ showed numerous p o i n t s  
o f  c o n t a c t .  N e i t h e r  o f  t h e s e  s t u d i e s  showed t h e  c y t o p l a s m i c  i n c l u s i o n s  
o b s e r v e d  by t h e  f r e e z e - e t c h  t e c h n i q u e .  T h i s  may have  been  due t o  t h e  
t e c h n i q u e  u s e d  o r  to  t h e  f a c t  t h a t  my c e l l s  were i n  t h e  s t a t i o n a r y  
p h a s e  and may have  a c c u m u la t e d  s t o r a g e  compounds n o t  o b s e r v e d  i n  l o g -  
pha se  c e l l s .  The a p p e a r a n c e  o f  f r e e z e  e t c h  p r e p a r a t i o n s  o f  h e a t -  
damaged c e l l s  a r e  s i m i l a r  t o  t h o s e  o f  S .  c o l i  h e a t e d  f o r  5 min a t  100^ 
o b t a i n e d  by s t a i n i n g  and s e c t i o n i n g  by de P é t r i s  ( 1 9 6 7 ) .
Pha se  c o n t r a s t  s t u d i e s  o f  o s m o p h i l i c  y e a s t s  showed l i t t l e  change i n  
c e l l  s i z e  i n  h i g h  o sm o t i c  p r e s s u r e  s o l u t i o n s ,  b u t  t h e  n o n - o s m o p h i l i c  
s t r a i n  examined showed marked s h r i n k a g e  i n  a l l  s o l u t e s  exam ined .  Th is
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c o u l d  i n d i c a t e  t h a t  o s m o p h i l i c  y e a s t s  have  h i g h e r  i n t e r n a l  o s m o t i c  
p r e s s u r e s  t h a n  n o n - o s m o p h i l e s , even  when grown i n  media  o f  low o s m o t i c  
p r e s s u r e ,  ( p o s s i b l y  due t o  h i g h e r  i n t r a c e l l u l a r  p o l y o l  c o n c e n t r a t i o n  
(Brown & Simpson,  1972) )  o r  t h a t  t h e  o s m o p h i i e s  examined  h e r e  ha d  more 
r i g i d  c e l l  w a l l s  t h a n  t h e  n o n - o s m o p h i l e . No i n d i c a t i o n  o f  p l a s m o l y s i s  
( i . e .  gaps  be tw een  t h e  c e l l  w a l l  and c y t o p l a s m )  c o u ld  be s e e n  u n d e r  
ph a s e  c o n t r a s t ,  b u t  e x a m i n a t i o n  o f  f r e e z e  e t c h  e l e c t r o n  m i c r o g r a p h s  
showed t h a t  t h e r e  were  gaps  b e tw een  c e l l  w a l l s  and  c y to p l a s m  i n  t h e  one 
y e a s t  examined ,  and t h e n  o n l y  i n  s u c r o s e  and  s o r b i t o l  s o l u t i o n s ,  
P l a s m o l y s i s  does  n o t  a p p e a r  t o  have b e e n  o b s e r v e d  p r e v i o u s l y  i n  y e a s t s ,  
a l t h o u g h  r e d u c t i o n  i n  volume o f  y e a s t  c e l l s  i n  h y p e r t o n i c  s o l u t i o n s  i s  
a w e l l - k n o w n  phenomenon ( C i r i l l o ,  1965;  L i l l e h o j  & O t t o l e n g h i ,  1 9 6 7 ) .
T h i s  s t u d y  h a s  d e m o n s t r a t e d  t h a t  a b i l i t y  t o  u t i l i z e  and  t r a n s p o r t  
s o l u t e s  does  n o t  mean t h a t  c e l l s  a r e  n o t  p l a s m o l y s e d  by  h i g h  c o n c en ­
t r a t i o n s  o f  t h e  s o l u t e s .  I n  t h e  c a s e  o f  t h e  s a l m o n e l l a e ,  t h e  c e l l s  
were p l a s m o l y s e d  by 11 s o l u t e s  e x c e p t  g l y c e r o l  a l t h o u g h  t h e  o n l y  s o l u t e s  
t h e y  c o u l d  n o t  u t i l i z e  were  s u c r o s e  and  PEG. Y e a s t  B c o u l d  u t i l i z e  
s o r b i t o l  b u t  n o t  s u c r o s e ,  and y e t  was p l a s m o l y s e d  by b o t h .  However ,  
t h e  c o n c e n t r a t i o n s  o f  s o l u t e s  u s e d  were v e r y  h i g h  ( u s u a l l y  2 - 3  M) and 
much lo w e r  c o n c e n t r a t i o n s  i n s i d e  t h e  c e l l  would be ample t o  s u p p o r t  
m e t a b o l i s m .  The r e l a t i o n s h i p  b e tw een  p l a s m o l y s i s  and h e a t  r e s i s t a n c e  
w i l l  be d i s c u s s e d  i n  P a r t  V l l .
V . l . v .  SUMMARY
S a l m o n e l l a  t y p h im u r iu m  7M 4987 and Saccharomyces  r o u x i i  NCYC 381 
i n  s u g a r  and  p o l y o l  s o l u t i o n s  c o n t a i n i n g  0 . 1  M p h o s p h a t e  b u f f e r  pH 6 .5  
were examined  by  phase  c o n t r a s t  l i g h t  m ic r o s c o p y  a nd  f r e e z e  e t c h  e l e c t r o n  
m ic r o s c o p y .  The s a l m o n e l l a  was p l a s m o l y s e d  by  a l l  t h e  s o l u t e s  i n v e s t i ­
g a t e d  e x c e p t  g l y c e r o l .  In  t h e  c a s e  o f  t h e  y e a s t  t h e r e  was a  s m a l l
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r e d u c t i o n  o f  s i z e  i n  a l l  s o l u t e s  ( s e e n  more c l e a r l y  w i t h  Candida  
u t i l i s  NCYC 3 5 9 ) when t h e  c e l l s  we're examined  u n d e r  pha se  c o n t r a s t .  
F r e e z e - e t c h  m ic r o s c o p y  o f  S a c c h .  r o u x i i  r e v e a l e d  s l i g h t  p l a s m o l y s i s  
o n l y  i n  s o r b i t o l  o r  s u c r o s e  s o l u t i o n s .
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V .2 .  MEASUREMENT’ OF-CELL WATER CONTENT AND PuEIATIl?E VATER-EINDING 
OF SALMONELLAE
V . 2 . i .  INTRODUCTION
C o n s i d e r a t i o n  of  ray r e s u l t s  ( P a r t  IV) and t h o s e  o f  B a i r d - P a r k e r  
e t  a l . ( 1 9 7 0 ) show t h a t  a l t h o u g h  some s t r a i n s  o f  s a l m o n e l l a  have a 
c o n s i d e r a b l y  g r e a t e r  h e a t  r e s i s t a n c e  t h a n  o t h e r  s t r a i n s  a t  h i g h  a ^ ,  
t h e s e  same s t r a i n s  o f t e n  show a c om parab le  h e a t  r e s i s t a n c e  a t  low a ^ .
In  a d d i t i o n ,  h i g h  h e a t  r e s i s t a n c e  i n  c o n c e n t r a t e d  s o l u t e  s o l u t i o n s  
seems to  be r e l a t e d  t o  t h e  d e g r e e  o f  p l a s m o l y s i s  o r  s h r i n k a g e  o f  t h e  
c e l l  ( s e e  V . 1 and VI) and hence  t h e  d e g r e e  of d r y i n g .  I t  was c o n s i d e r e d  
t h a t  c o m p a r i s o n  a t  h i g h  a^  ^ o f  c y t o p l a s m i c  w a t e r  c o n t e n t  ( c o n c e n t r a t i o n )  
o f  s t r a i n s  o f  s a l m o n e l l a e  r e s i s t a n t  o r  s e n s i t i v e  t o  h e a t  m igh t  show 
d i f f e r e n c e s  wh ich  would e x p l a i n  t h e  d i f f e r e n t  h e a t  r e s i s t a n c e .  Fo r  
i n s t a n c e ,  i t  m ig h t  be e x p e c t e d  t h a t  c e l l s  w i t h  lower  w a t e r  c o n t e n t  o r  
w i t h  a  l a r g e r  w a t e r - b i n d i n g  c a p a c i t y ,  would  be more r e s i s t a n t .
D e t e r m i n a t i o n  o f  c e l l  w a t e r  c o n t e n t  i s  d i f f i c u l t  s i n c e  i t  i s  
n e c e s s a r y  t o  d i s t i n g u i s h  b e tw een  e x t r a -  and i n t r a c e l l u l a r  w a t e r .
There  a r e  a number o f  p o s s i b l e  m eth o d s .  N u c l e a r  m a g n e t i c  r e s o n a n c e  
(Sussman &  C h in ,  1966;  T o le d o ,  S t e i n b e r g  & N e l s o n , .  1968;  W h i t e ,  Kuntz 
& C a n t o r ,  1 9 7 2 ) ,  d i f f e r e n t i a l  t h e r m a l  a n a l y s i s  (Duckworth ,  1971)  and 
d i f f e r e n t i a l  s c a n n i n g  c a l o r i m e t r y  ( B e r l i n ,  Kliman & P a l l a n s c h ,  1971)  
have  a l l  b e e n  employed i n  i n v e s t i g a t i o n s  o f  t h e  bound w a t e r  c o n t e n t  o f  
f o o d s .  A l l  t h e s e  t e c h n i q u e s  r e q u i r e  t h e  samples  t o  be t r e a t e d  by 
d r y i n g  o r  f r e e z i n g  so t h a t  bound w a t e r  can  be d i f f e r e n t i a t e d  from un­
bound w a t e r ,  and t o  be o f  s u i t a b l e  c o n s i s t a n c y  -  e . g .  a homogeneous 
powder o r  l i q u i d  t h a t  can be packed  i n t o  a sample t u b e .  Dry ing  o r  
f r e e z i n g  m i c r o - o r g a n i s m s  c a u s e s  c e l l  damage and may a l s o  a l t e r  t h e i r  
p r o p e r t i e s  w i t h  r e s p e c t  t o  w a t e r .
Measurement  o f  r e f r a c t i v e  i n d e x  (R l )  o f  c e l l s  has  been  u s e d  f o r
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t h e  d e t e r m i n a t i o n  o f  w a t e r  c o n t e n t  ( B a re r  & J o s e p h ,  1954;  D av ie s  e t  a l . ,  
1954 ) and  a v o i d s  t h e  p rob lem  b o t h  o f  d i s t i n g u i s h i n g  i n t e r -  f rom i n t r a ­
c e l l u l a r  w a t e r  and t h e  e f f e c t  o f  e x t r e m e  p h y s i c a l  t r e a t m e n t s .  However ,  
f o r  t h i s  method one must  assume t h a t  c e l l s  a r e  homogeneous m i x t u r e s  o f  
compounds w i t h  a s i m i l a r  r e f r a c t i v e  i n c r e m e n t .  R e f r a c t i v e  i n d i c e s  o f  
c e l l s  can  be d e t e r m i n e d  by c o m p a r i s o n  o f  t h e  c e l l  r e f r a c t i v i t y  w i t h  t h a t  
o f  t h e  s u s p e n d i n g  medium o f  known R I .  Th is  can  be done u s i n g  an i n t e r ­
f e r e n c e  m ic r o s c o p e  t o  m easu re  o p t i c a l  p a t h  d i f f e r e n c e s ,  o r  by  u s e  o f  
a  pha se  c o n t r a s t  m ic r o s c o p e  where  c e l l s  a r e  su s p e n d e d  i n  a s e r i e s  o f  
s o l u t i o n s  o f  d i f f e r i n g  RI (and low osm o t i c  p r e s s u r e )  and matched  t o  t h e  
s o l u t i o n  where t h e  c e l l s  a r e  n e i t h e r  l i g h t  n o r  d a r k  (Ross & B i l l i n g ,  
1957 ) .  D u r ing  l a t e r  work  on p e r m e a b i l i t y  ( P a r t  VI) an  a l t e r n a t i v e  
method of  d e t e r m i n i n g  c e l l  RI  was d i s c o v e r e d .  T h i s  i n v o l v e d  m e a s u r in g  
o p t i c a l  e x t i n c t i o n  ( o p t i c a l  d e n s i t y )  o f  c o n s t a n t  c e l l  c o n c e n t r a t i o n s  i n  
s o l u t i o n s  o f  i n c r e a s i n g  R I .  ( F i c o l l  was u s e d  s i n c e  i t  had a h i g h  
m o l e c u l a r  w e i g h t  a n d ,  l i k e  b o v in e  serum albumen ,  gave s o l u t i o n s  o f  low 
os m o t i c  p r e s s u r e  -  s e e  V I . 2 ) .  As t h e  RI o f  t h e  s u s p e n d i n g  s o l u t i o n  was 
i n c r e a s e d  t h e  c o n t r a s t  be tw e en  t h e  RI o f  t h e  c e l l s  and th e  s u s p e n d i n g  
s o l u t i o n  was r e d u c e d ,  r e s u l t i n g  i n  a r e d u c t i o n  o f  e x t i n c t i o n  v a l u e .  
Minumum r e a d i n g s  were o b t a i n e d  when t h e  RI o f  t h e  c e l l s  and s u s p e n d i n g  
s o l u t i o n  were  most  n e a r l y  t h e  same.  F u r t h e r  i n c r e a s e  o f  t h e  RI of  
t h e  s u s p e n d i n g  s o l u t i o n  r e s u l t e d  i n  an  i n c r e a s e  i n  e x t i n c t i o n  v a l u e .
S i n c e  t h e  RI o f  i n d i v i d u a l  c e l l s  v a r i e d ,  t h e  f i g u r e  o b t a i n e d  was p a r a ­
b o l i c  and t h e  RI o f  t h e  s o l u t i o n  g i v i n g  t h e  minimum e x t i n c t i o n  v a l u e  
c o u ld  be t a k e n  a s  t h e  a v e r a g e  RI o f  t h e  c e l l  p o p u l a t i o n .  Th is  method 
was l a t e r  found  t o  have  be e n  u s e d  by Bateman ,  Vagman & C a r s t e n s e n ,  (1966)  
and M arqu is  ( 1 9 7 3 ) .
I n  t h e  p r e s e n t  work  an a t t e m p t  was made t o  measure  and compare 
w a t e r  c o n t e n t  o f  s a l m o n e l l a e  o f  d i f f e r i n g  h e a t  r e s i s t a n c e  a t  h i g h  a ^ .
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Th i s  was done ( i )  by measurem ent  o f  c e l l  r e f r a c t i v e  i n d e x  and ( i i )  by 
m o n i t o r i n g  w a t e r  l o s s  d u r i n g  d r y i n g  o f  c e l l s  a t  c o n s t a n t  t e m p e r a t u r e  
and h u m i d i t y  on a m i c r o b a l a n c e .
V . 2 . Ü  MATERIALS & METHODS 
Organisms
Hea t  r e s i s t a n t  s t r a i n s  o f  s a l m o n e l l a  u s e d  w e r e :  775V, 665 ,  1143.
Hea t  s e n s i t i v e  s t r a i n s  were  4987 ,  2871,  1797,  2095,  5735,  9676 and 
A r i z o n a  8297.  S t r a i n  39H was n o t  i n c l u d e d  w i t h  t h e  h e a t  r e s i s t a n t  
s t r a i n s  b e c a u s e  i t s  r e s i s t a n c e  was c o n s i d e r a b l y  l e s s  t h a n  t h a t  o f  t h e  
o t h e r  r e s i s t a n t  s t r a i n s  a t  6 5 ° .
Measurement  o f  c e l l  r e f r a c t i v e  i n d e x  ( R I )
By u s e  of phase  c o n t r a s t  m i c r o s c o p y  Bovine  serum albumen (BSA) s o l u t i o n s  
were p r e p a r e d  i n  d i s t i l l e d  w a t e r  i n i t i a l l y  a t  l e v e l s  o f  15,  20 ,  30 ,  40 ,
45 ,  and 50^ w /v ,  and s u b s e q u e n t l y  a t  i n t e r v a l s  o f  1 . 2 5 ^  be tw een  30 and 
4 0 ^  w / v  s i n c e  t h e  r e f r a c t i v e  i n d i c e s  o f  a l l  s t r a i n s  were found  t o  f a l l  
b e tw een  t h o s e  of  30^  and 40% BSA ( r e f r a c t i v e  i n d e x  c .  1 . 3 8 6 - 1 . 4 0 5 ) .  
I n i t i a l l y  c e l l s  were  grown f o r  18 h on NA s l o p e s  a t  3 7 ° .  A s m a l l  q u a n t i t y  
o f  s o l i d  g ro w th  was added t o  a d r o p  o f  BSA s o l u t i o n  on a m ic r o s c o p e  
s l i d e .  A c o v e r s l i p  was s e a l e d  on t o  t h e  s l i d e  t o  p r e v e n t  e v a p o r a t i o n  
o f  w a t e r ,  and t h e  o r g a n i s m s  were v iew ed  u s i n g  a  V a t s o n  H i l u x  m ic r o s c o p e  
w i t h  pha se  c o n t r a s t .  L a t e r ,  c e l l s ,  grown f o r  18 h a t  37° i n  HIB ( s t a t i c  
c u l t u r e ) ,  were h a r v e s t e d  b y  c e n t r i f u g a t i o n  and r e s u s p e n d e d  e i t h e r  i n  
d i s t i l l e d  w a t e r  o r  0 . 1  M p h o s p h a t e  b u f f e r ,  pH 7 . 0 .  C e l l  s u s p e n s i o n s  
were  added  t o  BSA s o l u t i o n s  so t h a t  f i n a l  BSA c o n c e n t r a t i o n s  were a g a i n  
i n  t h e  r a n g e  30-40% w /v ,  An a t t e m p t  was made t o  e s t i m a t e  c e l l  r e f r a c ­
t i v e  i n d e x  by f i n d i n g  t h e  BSA c o n c e n t r a t i o n  where t h e  m a j o r i t y  o f  c e l l s  
were  n e i t h e r  b r i g h t  n o r  d a r k  by c o m p a r i s o n  w i t h  t h e  s u s p e n d i n g  s o l u t i o n .  
Assuming  t h a t  t h e  R e f r a c t i v e  In c r e m e n t  of  t h e  c e l l  c o n t e n t s  was e q u a l  to  
t h a t  o f  t h e  BSA (as  s u g g e s t e d  by Barer.  & J o s e p h  ( 1 9 5 4 ) ) t h e n  t h e  % w/v
135 —
c o n c e n t r a t i o n  o f  t h e  c e l l  s o l i d s  would  be a p p r o x i m a t e l y  e q u a l  t o  t h e  
% w/v  c o n c e n t r a t i o n  o f  t h e  BSA s o l u t i o n  w h ich  most  n e a r l y  m atched  t h e  
c e l l s .  I t  was a n t i c i p a t e d  t h a t  r a p i d  c o m p a r i s o n s  c o u l d  be made by 
exam in ing  r e s i s t a n t  and s e n s i t i v e  c e l l s  o f  s t r a i n s  i n  t h e  same s e r i e s  
o f  BSA s o l u t i o n s .
By measurem ent  o f  e x t i n c t i o n  ( o p t i c a l  d e n s i t y )  o f  c e l l  s u s p e n s i o n s  
An a p p r o x i m a t e l y  50% w/w s o l u t i o n  o f  F i c o l l  was p r e p a r e d  i n  10 mM 
i m i d a z o l e /H C l  b u f f e r  pH 6 . 5 .  C e l l s ,  grown f o r  18 h o u r s  a t  37° i n  HIB 
and washed  i n  10 b u f f e r ,  were  d i l u t e d  i n  t h e  b u f f e r  t o  g i v e  an
^700nm °^  a p p r o x i m a t e l y  0 . 5 .  An e q u a l  c o n c e n t r a t i o n  o f  c e l l s  was 
added  t o  a  p o r t i o n  o f  t h e  F i c o l l  s o l u t i o n  and t h e  d e t e r m i n e d .
A n o th e r  p o r t i o n  o f  t h e  F i c o l l  s o l u t i o n  was d i l u t e d  by t h e  same amount 
w i t h  b u f f e r  w i t h o u t  added  c e l l s ,  and t h e  RI m e a s u r e d .  D i l u t i o n  o f  
b o t h  s o l u t i o n s  was c o n t i n u e d  i n  p a r a l l e l ,  d i l u t i n g  t h e  F i c o l l  + c e l l  
s u s p e n s i o n  w i t h  c e l l s  i n  b u f f e r  so t h a t  t h e  c o n c e n t r a t i o n  o f  c e l l s  
r em a in e d  c o n s t a n t .  In  t h i s  way a  s e r i e s  o f  RI  and v a l u e s  were
o b t a i n e d  f o r  f o u r  s t r a i n s  o f  s a l m o n e l l a e  -  two h e a t  r e s i s t a n t  and  two 
h e a t  s e n s i t i v e  a t  h i g h  a ^ .  ^700  m easu red  u s i n g  a Unicam SP500
s p e c t r o p h o t o m e t e r  and RI was m easu red  u s i n g  t h e  same i n s t r u m e n t  a s  i n  
P a r t  V I .  ®7Qo p l o t t e d  a g a i n s t  RI and t h e  a v e r a g e  RI f o r  t h e  c e l l s
o f  e a ch  s a l m o n e l l a  s t r a i n  d e t e r m i n e d  a t  t h e  minimum o b t a i n e d .
D e t e r m i n a t i o n  o f  r a t e s  o f  d r y i n g
P l a t e  XXI and F i g -  14 show t h e  a p p a r a t u s  u s e d ,  which  was a m o d i f i ­
c a t i o n  o f  t h a t  o f  Grecz  e t  a l . ( 1 9 7 0 ) .  I t  c o n s i s t e d  o f  a p e r s p e x  
h u m i d i t y  c a b i n e t  (Gal lenkamp L t d . ) ,  i n  w h ic h  was p l a c e d  a m i c r o b a l a n c e  
(CI Range Mark I I ,  Cl  E l e c t r o n i c s  L t d . ,  S a l i s b u r y ) .  The c a b i n e t  was 
h e a t e d  by two 100 w a t t  l i g h t  bu lbs ,  and t h e  a i r  c i r c u l a t e d  by means o f  a 
f a n .  The t e m p e r a t u r e  Was m a i n t a i n e d  a t  45°  by u s e  o f  a t e m p e r a t u r e
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A d e s i c c a t o r  c a b i n e t  made of  p e r s p e x  { c. 33 x 33 x 33 cm )
B perspex shelf  ( e x t e n d i n g  only 10 cm from b a c k  of c a b i n e t )
C s t a i n l e s s  s t e e l  t ray
D b a l a n c e  pan and s a m p l e
E m i c r o b a l a nc e  c o n n e c t e d  to CI universal  recorder  m a t c h i n g  
c i r c u i t  g  r e c o r d e r
F & G a s b e s t o s
M 1 0 0 w a t t  l ight  bulbs
I  fan
J r e s i s t a n c e  t h e r m o m e t e r  c o n n e c t e d  to t h e r m o s t a t
K t h e r m o c o u p l e  c o n n e c t e d  to recorder
L P 2 ° 5
M m e t a l  barred  s h e l f
FIGURE 14 Diagram o f  h u m i d i t y  c a b i n e t  and m i c r o b a l a n c e .
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PLATE XXI H um id i ty  c a b i n e t ,  m i c r o b a l a n c e  and  r e c o r d e r  
( s e e  f i g .  14 f o r  d e t a i l s  o f  m i c r o b a l a n c e ) .
—  i38 —
M3
c o n t r o l l e r  ( ' M i n i ' s e r i e s  1 7 - 9 0 B , P y e - E t h e r  L t d . ,  Cambr idge )  c o n n e c t e d  
t o  a r e s i s t a n c e  t h e r m o m e t e r .  The a i r  t e m p e r a t u r e  n e x t  t o  t h e  b a l a n c e  
pan  was m o n i t o r e d  u s i n g  a c o p p e r / c o n s t a n t o n  t h e r m o c o u p l e .  A s t a i n l e s s  
s t e e l  t r a y  c o n t a i n i n g  P 0 was p l a c e d  a t  t h e  b o t to m  o f  t h e  c a b i n e t .
Weight  was m o n i t o r e d  u s i n g  a Speedomax r e c o r d e r  (Leeds & N o r t h r o p ,  
B i rm ingham ) .  Organisms  were grown f o r  18 h a t  37 i n  HIB ( s t a t i c  
c u l t u r e ) ,  h a r v e s t e d  by c e n t r i f u g a t i o n ,  washed and r e s u s p e n d e d  i n  t h e  
s m a l l e s t  p o s s i b l e  volume of  d i s t i l l e d  w a t e r .  The b a l a n c e  pan  was t a r e d  
t o  z e r o  and 100 mg o f  c e l l  s u s p e n s i o n  was a d d e d .  The w e i g h t  o f  t h e  " 
c e l l  s u s p e n s i o n  was m o n i t o r e d  d u r i n g  d r y i n g ;  r e c o r d e r  r a n g e  was changed  
a s  t h e  w e i g h t  o f  t h e  sample d e c r e a s e d  ( t h e  i n i t i a l  r a n g e  was from 0 -1 0 0  rag 
which was r e d u c e d  f i r s t  t o  0-25mg and f i n a l l y  t o  O-iOmg).
V . 2 . i i i  RESULTS 
Measurement  o f  r e f r a c t i v e  i n d e x
By c o m p a r i s o n  u n d e r  -phase c o n t r a s t  m i c r o s c o p y  I n i t i a l  i n v e s t i g a t i o n  
q u i c k l y  r e v e a l e d  t h a t  t h e  R l  o f  a l l  t h e  c e l l s  examined was be tw een  t h a t  
o f  30^ and 40^^ w/v  BSA s o l u t i o n s .  A c c o r d i n g l y ,  c e l l s  i n  s o l u t i o n s  w i t h  
c o n c e n t r a t i o n s  b e tw een  t h e s e  l i m i t s  were exam ined .  However ,  i t  p ro v ed  
i m p o s s i b l e  t o  d e c i d e  w i t h i n  na r row  enough l i m i t s  f o r  any  o rgan i sm  t h e  
p o i n t  a t  which  t h e y  changed  from b e i n g  b r i g h t e r  t o  b e i n g  d a r k e r  t h a n  t h e  
s u s p e n d i n g  medium. A l l  t h e  s t r a i n s  examined  changed  from b r i g h t  i n  
37.5?^.BSA t o  s l i g h t l y  d a r k  i n  32.5?o BSA, and b e tw e en  t h e s e  l i m i t s  t h e  c e l l s  
were d i f f i c u l t  t o  s e e  and gave i n c o n s i s t e n t  r e s u l t s  -  e i t h e r  t h e y  were  a  
l i t t l e  d a r k e r  or  a  l i t t l e  l i g h t e r  t h a n  t h e  s u s p e n d i n g  medium. T y p i c a l  
r e s u l t s  a r e  a s  f o l l o w s ;
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^  w /v  BSA a p p e a r a n c e  o f  c e l l s
40  b r i g h t
38 .7 5  b r i g h t
3 7 .5  b r i g h t
3 6 .2 5  d a r k  b u t  p a l e
( s t i l l  d a r k  on r e p e a t i n g )
1 35 b r i g h t  b u t  p a l e
3 3 .7 5  d a r k  b u t  p a l e
' . r  ■ ■ . ■ '3 2 .5  ' d a r k  b u t  p a l e
31 .2 5  d a r k  b u t  p a l e
30 d a r k  •
A l l  a t t e m p t s  t o  o b t a i n  more c o n s i s t e n t  r e s u l t s  b y  h a r v e s t i n g  th e  
o r g a n i s m s  from HIB and  r e s u s p e n d i n g  i n  w a t e r  o r  b u f f e r  p r o v e d  f r u i t ­
l e s s ,  and  a s  f a r  a s  c o u l d  be j u d g e d ,  b o t h  h e a t  r e s i s t a n t  a nd  h e a t  
s e n s i t i v e  s t r a i n s  gave s i m i l a r  r e s u l t s .  S i n c e  t h e  method p r o v e d  so 
d i s a p p o i n t i n g  t h e  r e f r a c t i v e  i n d i c e s  o f  t h e  BSA s o l u t i o n s  were n o t  
c h e c k e d .  S u b s t i t u t i o n  o f  F i c o l l  f o r  BSA gave s i m i l a r  r e s u l t s .
By measurement  o f  o f  c e l l  s u s p e n s i o n s  i n  F i c o l l  s o l u t i o n s  F i g u r e
15 shows t h e  r e l a t i o n s h i p  o b s e r v e d  b e tw e en  E^qq and  t h e  RI o f  t h e  
s u s p e n d i n g  medium f o r  s u s p e n s i o n s  o f  f o u r  s t r a i n s  o f  s a l m o n e l l a e  i n  
. F i c o l l  s o l u t i o n s .  The RI v a l u e  a t  minimum E^^^ seemed t o  be t h e  same 
f o r  a l l  s t r a i n s  -  a p p r o x i m a t e l y  1 .3 8 0 0 .  '
Com p a r i s o n o f  d r y i n g  c u r v e s  of  r e s i s t a n t  and  s e n s i t i v e  s t r a i n s  o f  
s a l m o n e l l a e I n i t i a l l y ,  an  a t t e m p t  was made t o  c a l c u l a t e  w a t e r  c o n t e n t  
o f  the  b a c t e r i a  by t a k i n g  t h e  p o i n t  a t  wh ich  t h e  r a t e  o f  w a t e r  l o s s  
became s l o w e r  as  t h e  f u l l y - h y d r a t e d  w e i g h t  ( t h e  p o i n t  where t h e  d r y i n g  
cu rv e  c e a s e d  to  be l i n e a r )  as  i n  t h e  method o f  Grecz  e t  a l . , ( 1 9 7 0 ) .
E x a m i n a t i o n  o f  t h e  t r a c e s  showed t h a t  a t  no t i m e  was t h e r e  a c o n s t a n t
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R e f r a c t i v e  i nde x  in F i c o l l
FIGURE 15 R e l a t i o n s h i p  b e tw e en  and r e f r a c t i v e  i n d e x  i n  s o l u t i o n s
o f  F i c o l l  i n  10 mM i m i d a z o l e / H C l  b u f f e r ,  pH 6 . 5  o f  S a lm .
t y p h i m u r i u m 7M 4 9 8 7 -û ( h e a t  s e n s i t i v e ) ;  Sa lm.  s e n f t e n b e r g
1 7 9 7 , ^  ( h e a t  s e n s i t i v e ) ;  Sa lm.  s e n f t e n b e r g  775V, Oj& 665,
X (heat resistant strains).
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r a t e ^ o f  w a t e r  l o s s .  At t h e  b e g i n n i n g  o f  t h e  d r y i n g  t im e  t h e  cu rv e  
was g e n t l e .  As d r y i n g  c o n t i n u e d ,  t h e  r a t e  s lowed  c o n t i n u o u s l y  and 
became v e r y  s low d u r i n g  t h e  f i n a l  d r y i n g  p e r i o d .  However ,  i t  was 
i m p o s s i b l e  t o  j u d g e  from i n s p e c t i o n  o f  t h e  c u rv e  a t  which  p a r t i c u l a r  
p o i n t  t h e  r a t e  o f  d r y i n g  c h a nged ;  t h e  change o f  r a t e  was c o n t i n u o u s .  
A t t e m p t s  t o  l o c a t e  an i n f l e c t i o n  p o i n t  by p l o t t i n g  l o g  ^  change o f  
w e i g h t  a g a i n s t  t i m e ,  l o g  t o t a l  w e i g h t  a g a i n s t  t i m e ,  r a t e  o f  change  o f  
w e i g h t  a g a i n s t  t o t a l  w e i g h t ,  o r  r a t e  of  change  o f  r a t e  o f  w a t e r  l o s s  
a g a i n s t  w e i g h t  a l s o  f a i l e d .  The wide v a r i a t i o n  be tw een  f i n a l  w e i g h t s  
o f  t h e  s am ples  was a n o t h e r  s o u r c e  o f  d i f f i c u l t y .  S i n c e  d e t e r m i n a t i o n  
o f  a b s o l u t e  w a t e r  c o n t e n t  a p p e a r e d  t o  be i m p o s s i b l e  i t  was d e c i d e d  t o  
compare r a t e s  o f  w a t e r  l o s s  a t  a  p a r t i c u l a r  ^  w a t e r  c o n t e n t ,  which  would  
g iv e  an i n d i c a t i o n  o f  t h e  d e g r e e  o f  b i n d i n g  o f  w a t e r  i n  t h e  d i f f e r e n t  
s t r a i n s ,  F i g u r e  16 shows t h e  r a t e  o f  w a t e r  l o s s  a t  50^ w/w w a t e r  
c o n t e n t  a g a i n s t  t h e  f i n a l  d r y  w e i g h t  o f  t h e  c e l l s  .
R e g r e s s i o n  l i n e s  f o r  t h e  d a t a  f rom t h e  r e s i s t a n t  and s e n s i t i v e  
s t r a i n s  were o b t a i n e d  by t h e  method o f  l e a s t  s q u a r e s .  The p o s i t i o n s  
o f  t h e  l i n e s  and t h e i r  s l o p e s  were compared by t h e  method  o f  Brownlee  
( 1 9 4 9 ) .  There  was no s i g n i f i c a n t  d i f f e r e n c e  ( P > 0 . 0 5 )  be tw een  t h e  
two s e t s  o f  d a t a .
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FIGURE 16 R e l a t i o n s h i p  b e tw e en  r a t e  o f  w a t e r  l o s s  a t  5 0 ^  w/w w a t e r
c o n t e n t  and f i n a l  d r y  w e i g h t  o f  c e l l  p e l l e t s  o f  s e n s i t i v e  x ,  and r e s i s ­
t a n t  Oj s t r a i n s  o f  s a l m o n e l l a e ,  and r e g r e s s i o n  l i n e s  f o r  t h e  two s e t s  o f  
d a t a  c a l c u l a t e d  by t h e  m ethod  o f  l e a s t  s q u a r e s  f o r  s e n s i t i v e  c e l l s  
( c o n t i n u o u s  l i n e )  and  r e s i s t a n t  c e l l s ( b r o k e n  l i n e ) .
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V . 2 . i v  DISCUSSION
. Comparison o f  w a t e r  c o n t e n t  by measurem ent  o f  c e l l  r e f r a c t i v e
i n d e x  o f  d i f f e r e n t  s t r a i n s  o f  s a l m o n e l l a e  gave r a t h e r  more s a t i s f a c t o r y
r e s u l t s  t h a n  d i d  a t t e m p t s  t o  a s s e s s  w a t e r  c o n t e n t  by d e t e r m i n a t i o n  o f
r a t e s  o f  d r y i n g .  Of t h e  two methods u s e d  t o  measure  r e f r a c t i v e  i n d e x ,
o n l y  t h e  o p t i c a l  e x t i n c t  method  was found  u s e f u l .  The d i f f i c u l t y  i n
o b t a i n i n g  r e s u l t s  u s i n g  t h e  o t h e r  method ,  which i n v o l v e d  im m ets ing  c e l l s
i n  s o l u t i o n s  o f  BSA and  e x a m in in g  by phase,  c o n t r a s t  m i c r o s c o p y ,  was
p r o b a b l y  due t o  t h e  v a r i a t i o n  i n  RI b e tw e en  c e l l s ,  and  a l s o  p o s s i b l y
t o o t h e  d i f f e r i n g  R I ’s o f  t h e  v a r i o u s  c e l l  c o n s t i t u e n t s .  I t  was
e v i d e n t  f rom  t h e  r e s u l t s  o b t a i n e d  by  m easu rem en t  o f  t h a t  t h e  R I ' s
o f  t h e  c e l l s  were n o t  c o n s t a n t  b u t  c o v e r e d  a r ange  ( se e  F i g .  1 5 ) ,  and
t h a t  t h e  a v e r a g e  RI ( a b o u t  1 . 3 8 )  was s i m i l a r  f o r  t h e  h e a t  r e s i s t a n t
and t h e  h e a t  s e n s i t i v e  s t r a i n s .  An RI  v a l u e  o f  1 .3800  g i v e s  a  w a t e r
c o n t e n t  o f  8 0 . 8 f o  w/w a s su m in g  t h e  r e f r a c t i v e  i n c r e m e n t  f o r  t h e  c e l l s  t o
be 0 .0 0 1 8  and t h a t  one gram of  c e l l - c o n t e n t s  o c c u p i e s  0 .7 5  ml.  Th is
a g r e e s  q u i t e  w e l l  w i t h  t h e  v a l u e s  f o r  w a t e r  c o n t e n t  o b t a i n e d  by Webb
( l 9 6 0 b )  f o r  E. c o l i  and S e r r a t i a  m a r c e s c e n s  u s i n g  an  i n t e r f e r e n c e  
TAG if
m i c r o s c o p e  ( see  Fig.. 4 )  and t h e  RI v a l u e s  o b t a i n e d  by C a r s t e n s e n  e t  a l .
. ( 1 9 6 6 )  by a  s i m i l a r  method t o  t h a t  u s e d  s u c c e s s f u l l y  h e r e  f o r  t h e  same 
o r g a n i s m s .
The d r y i n g  r a t e s  s t u d y  was b a s e d  on t h e  work o f  Grecz e t  a l . ( 1 970 ) .  
These a u t h o r s  s t a t e d  t h a t ,  i n  t h e i r  w ork ,  w a t e r  was l o s t  i n i t i a l l y  a t  
a  c o n s t a n t  r a t e  f rom b a c t e r i a l  s u s p e n s i o n s  i n  d i s t i l l e d  w a t e r  -  a  p l o t  
o f  w e i g h t  a g a i n s t  t im e  g i v i n g  a  s t r a i g h t  l i n e .  They m easu red  t h e  
w a t e r  c o n t e n t  o f  t h e  b a c t e r i a  by f i n d i n g  t h e  p o i n t  where  t h e  r a t e  o f  
w a t e r  l o s s  began  t o  d i m i n i s h ,  i . e .  t h e  p o i n t  a t  w h ic h  t h e  p l o t  o f  w e i g h t  
a g a i n s t  t im e  c e a s e d  t o b e  l i n e a r .  The w a t e r  c o n t e n t  was t h e n  e x p r e s s e d  
a s  t h e  io  w/w w a t e r  p r e s e n t  a t  t h a t  t im e  compared w i t h  t h e  f i n a l  d r y
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w e i g h t .  The a u t h o r s  a l s o  s t a t e d  t h a t  t h e  same p o i n t  c o u l d  be fo u n d  
by r e h y d r a t i n g  t h e  c e l l s  i n  an a tm o s p h e re  o f  100^ r e l a t i v e  h u m i d i t y  t o  
c o n s t a n t  w e i g h t .  However ,  a s  e x p l a i n e d  p r e v i o u s l y ,  my t r a c e s  a t  no 
t im e  gave a c o n s t a n t  r a t e  o f  w a t e r  l o s s  and i t  p r o v e d  i m p o s s i b l e  t o  
c a l c u l a t e  w a t e r  c o n t e n t  by t h i s  m ethod.  Grecz  and h i s  c o - w o r k e r s  
began  w i t h  t h e  p rem ise  t h a t  w a t e r  r e l a t i o n s  o f  b a c t e r i a  a r e  b e t t e r  
s t u d i e d  u s i n g  sam ples  w h ich  had  n o t  p r e v i o u s l y  been  d r i e d ,  w h ic h  m igh t  
" c a r d i n a l l y  a l t e r  t h e i r  w a t e r - h o l d i n g  c a p a c i t y  and h y g r o s c o p i c i t y " . 
However ,  t h e s e  a u t h o r s  l a t e r  s t a t e ,  " d e h y d r a t i o n  o f  s p o r e s  a t  50° t o  
c o n s t a n t  w e i g h t  d i d  r iot  a l t e r  t h e  h y g r o s c o p i c  p r o p e r t i e s " .  T h i s  con­
c l u s i o n  was b a s e d  on t h e  o b s e r v a t i o n  t h a t  " t h e  i n f l e c t i o n  p o i n t  and 
r e h y d r a t i o n  p o i n t  were e s s e n t i a l l y  i d e n t i c a l " .  E x a m in a t i o n  o f  t h e i r  
d e h y d r a t i o n  cu rv e  ( F i g .  17a)  i n d e e d  shows a  s t r a i g h t  l i n e  and  so does  
a s i m i l a r  s m a l l - s c a l e  p o r t i o n  o f  a  t y p i c a l  c u rv e  o b t a i n e d  i n  t h e  p r e s e n t  
s t u d y  ( F i g .  1 7 b ) .  However ,  e x a m i n a t i o n  o f  t h e  o r i g i n a l  c u r v e s  d i d  n o t  
show s t r a i g h t  l i n e  r e l a t i o n s h i p s .
Work u s i n g  t h i s  e qu ipm e n t  was u n f o r t u n a t e l y  n o t  c o n t i n u e d .  F u r t h e r  
s t u d i e s  m ig h t  have  y i e l d e d  more d e f i n i t e  r e s u l t s ,  p a r t i c u l a r l y  w i t h  
some m o d i f i c a t i o n  o f  t h e  methods by ;
( a )  s t a n d a r d i z a t i o n  o f  t h e  f i n a l  d r y - w e i g h t s  o f  t h e  c e l l s ;
(b)  r e - e q u i l i b r a t i o n  o f  t h e  d r i e d  c e l l s  t o  c o n s t a n t  w e i g h t  
i n  an  a tm o s p h e re  o f  100^ r e l a t i v e  h u m i d i t y ,  a l t h o u g h  
d e s i c c a t i o n  o f  t h e  c e l l s  m igh t  a l t e r  t h e i r  s u b s e q u e n t  
p r o p e r t i e s  w i t h  r e s p e c t  t o  w a t e r ;
( c )  d e t e r m i n a t i o n  o f  bound w a t e r  a t  v a r i o u s  a l e v e l s .w
A f u r t h e r  p r e l i m i n a r y  r e p o r t  by Grecz  and h i s  c o - w o r k e r s  h a s  
a p p e a r e d  r e c e n t l y  ( T jo a ,  Hoffmann & G r e c z ,  1973)  i n d i c a t i n g  t h a t  s p o r e s  
have  h i g h e s t  h e a t  r e s i s t a n c e  a t  a ^ ' s  where  t h e y  b i n d  most  w a t e r .  
I n v e s t i g a t i o n s  a l o n g  t h e s e  l i n e s  c o u l d  c o n c e i v a b l y  be t h e  s u b j e c t  o f  
a n o t h e r  d i s s e r t a t i o n .
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FIGURE 17 Comparison  o f  d iy l r i g  cu rv e  o f  Grecz  e t  a l , (1970)
(a )  v i t h  a  t y p i c a l  c u r v e  o b t a i n e d  i n  t h i s  dudy ( b ) .
—  "Î 4-6 ~
V . 2 . Î V  SUMMARY
E x a m i n a t i o n  o f  w a t e r  l o s s  f rom v e g e t a t i v e  b a c t e r i a l  c e l l  s u s p e n ­
s i o n s  a t  c o n s t a n t  t e m p e r a t u r e  and h u m i d i t y  f a i l e d  t o  y i e l d  i n f o r m a t i o n  
c o n c e r n i n g  w a t e r  c o n t e n t  o f  d i f f e r e n t  s t r a i n s  o f  b a c t e r i a .  The r a t e  
o f  w a t e r  l o s s  changed  c o n t i n u o u s l y  and i t  was n o t  p o s s i b l e  t o  d e c i d e  a t  
which p o i n t  t h e  l o s s  came from 'b o u n d '  w a t e r  ( a s s o c i a t e d  w i t h  c e l l  s o l u t e s )  
o r  ' u n b o u n d '  w a t e r .  No s i g n i f i c a n t  d i f f e r e n c e s  c o u l d  be d e t e c t e d  i n  
t h e  r a t e  o f  w a t e r  l o s s  a t  50^ w/w w a t e r  c o n t e n t  be tw een  h e a t  r e s i s t a n t  
and h e a t  s e n s i t i v e  s t r a i n s .  S e v e r a l  m o d i f i c a t i o n s  t o  t h e  e x p e r i m e n t a l  
method m igh t  have y i e l d e d  more p o s i t i v e  r e s u l t s .  Use o f  p h a s e  c o n t r a s t  
m ic r o s c o p y  i n  t h e  e s t i m a t i o n  o f  c e l l  r e f r a c t i v e  i n d e x  d i d  n o t  p r o v e  a 
good m ethod ,  and  was a b a ndoned .  E s t i m a t i o n  o f  c e l l  r e f r a c t i v e  i n d e x  
by  a s p e c t r o p h o t o m e t r i c  method was found  t o  be more s a t i s f a c t o r y .  No 
d i f f e r e n c e s  i n  c e l l  w a t e r  c o n t e n t  were  found  be tw een  h e a t  r e s i s t a n t  and 
h e a t  s e n s i t i v e  s t r a i n s  a t  h i g h  a ^ .
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V .3 .  ■ EXAMINATION OF WOLE CELL AND MEMBRANE PROTEINS OF SALMONELLA
BEFORE AND AFTER HEATING USING POLYACRYLAMIDE GEL ELECTROPHORESIS
V . 3 . i .  INTRODUCTION
A l t h o u g h  h e a t  damage h a s  n o t  been  a t t r i b u t e d  t o  any s i n g l e  c a u s e ,  
t h e r e  i s  a b u n d a n t  e v i d e n c e  t h a t  damage o c c u r s  t o  t h e  c y t o p l a s m i c  membrane 
l e a d i n g  to  l e a k a g e  o f  a v a r i e t y  o f  c e l l  s o l u t e s  ( s e e  I . S . i ) .  S c h e i e  & 
E h r e n s p e c k  (1973)  s t a t e  t h a t  r u p t u r e  o f  t h e  c y t o p l a s m i c  membrane f o l l o w ­
i n g  h e a t  damage t o  t h e  c e l l  e n v e lo p e  i s  t h e  p r i m a r y  c a use  o f  t h e r m a l  • 
d e a t h  d u r i n g  m i l d  h e a t i n g .
I t  was d e c i d e d  t o  u se  a g e l  e l e c t r o p h o r e t i c  method f o r  e xa m in ing  
p r o t e i n s  b e c a u s e  i t  was s e n s i t i v e  and e n a b l e s  q u a l i t a t i v e  and q u a n t i t a ­
t i v e  c h a n g e s  i n  m i x t u r e s  o f  p r o t e i n s  t o  be o b s e r v e d .  Many sy s te m s  f o r  
p r o t e i n  e x a m i n a t i o n  by g e l  e l e c t r o p h o r e s i s  have be e n  d e v e l o p e d ;  mos t  
o f  t h e s e  u s e  p o l y a c r y l a m i d e  as  t h e  g e l  m a t r i x .  The p r i n c i p l e s  o f  t h e  
method and t h e  f a c t o r s  c o n t r o l l i n g  t h e  c h o i c e  o f  c o n d i t i o n s  a r e  d i s c u s s e d  
e l s e w h e r e  (W i l l i am s  & R e i s f e l d ,  1964;  Cooksey ,  1 9 ? 1 ) .  The sy s te m  us e d  
i n  t h i s  s t u d y  (Takayama e t  a l . ,  1964 ; R o t t em  & R a z i n ,  1967;  R a z i n  & 
R o t t em ,  1967)  was c h o s en  b e c a u s e  t h e  p h e n o l ;  a c e t i c  a c i d  : w a t e r  m i x t u r e  
i s  v e r y  e f f e c t i v e  i n  s o l u b i l i z i n g  h y d r o p h o b ic  o r  s t r u c t u r a l  membrane 
p r o t e i n s  and  p r o b a b l y  a l s o  r i b o s o m a l  p r o t e i n s .  U rea  i n  t h e  g e l s  p r e v e n t s  
r e - a g g r e g a t i o n  o f  p r o t e i n s  f rom t h e  monomeric fo rms  so t h a t  r e p r o d u c i b l e  
p a t t e r n s  c a n  be o b t a i n e d .
V . 3 . Ü .  MATERIALS & METHODS
P o l y a c r y l a m i d e  g e l  e l e c t r o p h o r e s i s
The s y s te m  of  Takayama e t  a l . (1964)  a s  m o d i f i e d ,  by R a z in  & Rottem
(1967)  was u s e d .  T h e . g e l s  were p r e p a r e d  a s  f o l l o w s :
S o l u t i o n  I : lOg a c r y l a m i d e
20g u r e a
0 . 2 6 7 g  N ,N ' - m e t h y l e n e b i s a c r y l a m i d e  made, 
up  t o  100ml w i t h  47^  v / v  a c e t i c  a c i d .
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S o l u t i o n  I I  (made up f r e s h l y ) :
6g u r e a
0 . 2 5 g  (NH^)2820g made up 
t o  10ml w i t h  d i s t i l l e d  w a t e r
Ten ml o f  s o l u t i o n  I I  was mixed w i t h  30ml o f  s o l u t i o n  I  and 0 .025m l
o f  n e a t  t e t r a m e t h y l e n e  d i a m in e  (TEMED) was added s e p a r a t e l y .  The
e l e c t r o p h o r e s i s  t u b e s  (12 x 0 . 5  cm, f rom Shandon S o u t h e r n  L t d . , C a m b e r l e y )
w ere  r i n s e d  w i t h  0 , 0 7 %  v / y  sod ium d o d e c y l  s u l p h a t e  s o l u t i o n  and  d r i e d
: (  . . 
b e f o r e  f i l l i n g  w i t h  a b o u t  1 . 8  ml of  t h e  a c r y l a m i d e  m i x t u r e .  Use o f
t h e  d e t e r g e n t  s o l v e d  e a r l i e r  prolSems w i t h  t h e  f o r m a t i o n  o f  concave
m e n i s c i  a f t e r  p o l y m e r i z a t i o n .  E a r l i e r  d i f f i c u l t i e s  i n  a c h i e v i n g  a
good g e l  were  r e s o l v e d  by a d d i n g  t h e  TEMED s e p a r a t e l y  ( i n s t e a d  o f  i n
s o l u t i o n  I I  as  s u g g e s t e d  by  R a z i n  & R o t tem ,  1967)  and by  a p p l y i n g  a
vacuum to. degas  t h e  m i x t u r e  b e f o r e  f i l l i n g  t h e  t u b e s .  The a c r y l a m i d e
m i x t u r e  was o v e r l a y e r e d  w i t h  75^  v / v  a c e t i c  a c i d .  P o l y m e r i z a t i o n  was 
o ■c a r r i e d  o u t  a t  37 f o r  45 min .  The t u b e s  were  h e l d  v e r t i c a l  and t h e  
b o t to m  ends s e a l e d  w i t h  p l a s t i c  spec im en  t u b e  c a p s .  A f t e r  p o l y m e r i z a ­
t i o n  t h e  o v e r l a y e r i n g  f l u i d  was removed,  t h e  cap  removed from t h e  lower  
end ,  and  t h e  t u b e s  p l a c e d  i n  t h e  e l e c t r o p h o r e s i s  a p p a r a t u s  (Shandon 
S o u t h e r n  L t d . ) .  The sa m p le s  were  a p p l i e d  ( u s u a l l y  4 0 y a l )  and c a r e f u l l y  
o v e r l a y e r e d  w i t h  0 . 5  ml 7 5 %  v / v  a c e t i c  a c i d .  The t u b e s  were t o p p e d  up 
w i t h  10^ v / v  a c e t i c  a c i d .  The u p p e r  and  lower  r e s e r v o i r s  c o n t a i n e d  10^ 
v / v  a c e t i c  a c i d .  The lo w e r  e l e c t r o d e  s e r v e d  a s  a c a t h o d e  ( t h e " s a m p l e  
was a t  t h e  anode e n d ) .  E l e c t r o p h o r e s i s  was c a r r i e d  o u t  a t  5° f o r  2 h 
a t  a c o n s t a n t  c u r r e n t  o f  4 ma p e r  t u b e .  The g e l s  were  s t a i n e d  f o r  1 h r  
i n  Vfo w /v  Arnido B l a c k  lOB i n  7^  v / v  a c e t i c  a c i d ,  and d e s t a i n e d  i n  7%° 
v / v  a c e t i c  a c i d  f o r  1-2 d a y s .  The p o s i t i o n  and i n t e n s i t y  o f  t h e  
s t a i n e d  bands  o f  p r o t e i n  w e re  r e c o r d e d  u s i n g  a J o y c e - L o e b l  Chromoscan
w i t h  a  f i l t e r  t r a n s m i t t i n g  m ax im a l ly  a t  600 -620  nm.
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P r e p a r a t i o n  o f  p r o t e i n  s am ples
Organism 500ml q u a n t i t i e s  o f  Salm.  typh im ur ium  7M 4987 were  grown
/  ^  ■
s t a t i c a l l y  f o r  18 h a t  37 i n  HIB i n  c o t t o n w o o l - s t o p p e r e d  1 l i t r e  
c o n i c a l  f l a s k s .
Whole c e l l  p r o t e i n  The c e l l s  were h a r v e s t e d  by c e n t r i f u g a t i o n  and 
washed, t w i c e  i n  0 . 9 ^  w /v  NaCl.
D i s r u p t i o n  o f  whole  c e l l s  T h i s  was a c h i e v e d  by u s e  of  an  X - P r e s s  
(LKB L t d . ,  S.  C roydon ) .  S e v e r a l  l i t r e s  o f  HIB c u l t u r e s ,  as  above ,  
were  h a r v e s t e d  by c e n t r i f u g a t i o n ,  washed i n  0 . 1  M p h o s p h a t e  b u f f e r  pH 
6 . 5 ,  and  r e s u s p e n d e d  t o  g i v e  a t h i c k  p a s x e .  T h i s  was p a s s e d  t h r o u g h  
t h e  p r e s s  3 t i m e s  a t  - 2 5 ° ,  by wh ich  t i m e  a l m o s t  a l l  c e l l s  were b r o k e n .  
The r e s u l t i n g  s u s p e n s i o n  was c e n t r i f u g e d  i f  d e s i r e d  a t  4 0 ,0 0 0  x g and 
t h e  s u p e r n a t a n t  s e p a r a t e d  from t h e  r e s i d u e .
Membrane p r o t e i n  The c y t o p l a s m i c  membrane f r a c t i o n  was p r e p a r e d  u s i n g  
t h e  method d e s c r i b e d ,  by Kabak (1968)  f o r  E.  c o l i  w i t h  a few m o d i f i c a ­
t i o n s .  C u l t u r e s  were washed i n  0 .0 1  M T r i s - H C l  b u f f e r  pH 8 . 0  and 
r e s u s p e n d e d  ( l  g wet  w e i g h t  c e l l s  p e r  80 ml)  a t  room t e m p e r a t u r e  i n  
0 . 0 3  H  T r i s - H C l  b u f f e r  pH 8 . 0  w i t h  20^  w /v  s u c r o s e  and a g i t a t e d  by use  
o f  a  m a g n e t i c  s t i r r e r .  EDTA and lysozyme were added t o  g i v e  f i n a l  
c o n c e n t r a t i o n s  o f  10 mM and  0 . 5  mg/ml r e s p e c t i v e l y ,  and  t h e  c e l l s  l e f t  
a t  room t e m p e r a t u r e  f o r  30 min.  The c e l l s  were examined  w i t h  a p h a s e  
c o n t r a s t  m ic r o s c o p e  t o  c o n f i r m  t h a t  s p h e r o p l a s t s  had  b e e n  fo rm ed ,  and 
i n c u b a t i o n  was e x t e n d e d  i f  n e c e s s a r y .  The s p h e r o p l a s t s  were t h e n  
c e n t r i f u g e d  and r e s u s p e n d e d  i n  t h e  s m a l l e s t  p o s s i b l e  volume o f  Ô.1M 
p h o s p h a t e  b u f f e r  pH 6 . 5 ,  c o n t a i n i n g  2 0 %  w /v  s u c r o s e  and 20mM MgSO^. 
T h i s  s u s p e n s i o n  was d i l u t e d  a t  l e a s t  200 t im e s  by a d d i t i o n  o f  0 .0 5  M 
p h o s p h a t e  b u f f e r  pH 6 . 5 ,  e q u i l i b r a t e d  a t  37 . A f t e r  l y s i s  had  been
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c o n f i r m e d  by m i c r o s c o p i c  e x a m i n a t i o n ,  t h e  membranes were s e p a r a t e d  by 
c e n t r i f u g a t i o n  a t  4 0 ,0 0 0  x g f o r  30 min a t  5 ° ,  and  washed  t w i c e  i n  
c o l d  0 . 1  M p h o s p h a te  b u f f e r  pH 6 . 5  w i t h  lOmM EDTA.
Heat  t r e a t m e n t  o f  whole  c e l l s ,  c e l l  e x t r a c t s  and m embranes . T h i s  was 
c a r r i e d  o u t  b e f o r e  p r o t e i n  e x t r a c t i o n  f o r  e l e c t r o p h o r e s i s  ( s e e  b e l o w ) .
The s am p les  were h e a t e d  a t  65° f o r  v a r y i n g . t im e s  i n  0 . 9 ^  w/v  s a l i n e ,
33% w/w s u c r o s e .  45% w/w g l y c e r o l  o r  25% w/w g l u c o s e  i n  0 . 1  M p h o s p h a te  
b u f f e r .
P r e p a r a t i o n  o f  p r o t e i n  s am p les  f o r  e l e c t r o p h o r e s i s  The p r o t e i n  c o n -  
c e n t r a t i o n  o f  t h e  s am ples  was d e t e r m i n e d  by  t h e  method o f  Lowry e t  a l . 
( 1951 ) as  d e s c r i b e d  by H e r b e r t ,  P h ip p s  & S t r a n g e  (1 9 7 1 ) .  The shmple 
was d i l u t e d  t o  g iv e  10 mg p r o t e i n  p e r  ml .  The sample ( O . l m l )  was 
added  t o  0 . 2  ml o f  p h e n o l z a c e t i c  a c i d :  w a t e r  ( 2 : 1 : 0 . 5 ,  w / v / v ) .  I n s o l u b l e  
m a t e r i a l  was removed by c e n t r i f u g a t i o n  a t  30 ,000  x g f o r  15 min and t h e  
s u p e r n a t a n t  was d i l u t e d  2 : 1  w i t h  40% w/v  s u c r o s e  i n  35% v / v  a c e t i c  a c i d  
b e f o r e  a p p l y i n g  t o  t h e  g e l .
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V.3.iii RESULTS
The e l e c t r o p h o r e s i s  method u s e d  was found t o  g i v e  . r e p r o d u c i b l e  
r e s u l t s  once i n i t i a l  p rob lem s  w i t h  p o l y m e r i z a t i o n  and f o r m a t i o n  o f  
m e n i s c i  had been  overcome.
E f f e c t  o f  h e a t i n g  on p r o t e i n s  f rom whole c e l l s
H e a t i n g  i n  s a l i n e  P l a t e  XXII shows t h e  e f f e c t  o f  h e a t i n g  whole  c e l l s  
i n  0.9% NaCl s o l u t i o n  a t  65° f o r  6 min ( c .  0.01% s u r v i v o r s )  b e f o r e  
p r o t e i n  e x t r a c t i o n .  S i m i l a r  t r a c e s  were  o b t a i n e d  when t h e  h e a t i n g  
was c o n t i n u e d  f o r  o n l y  4 min on a n o t h e r  o c c a s i o n  ( c .  0.02% s u r v i v o r s ) .  
Changes were o b s e r v e d  i n  peaks  f u r t h e s t  f rom t h e  o r i g i n ,  t h e r e  were 
i n c r e a s e s  p a r t i c u l a r l y  i n  peaks  19, 20 and  22 .  R e s u l t s  w i t h  whole 
c e l l s  b r o k e n  b e f o r e  h e a t i n g  f o r  6 min i n  s a l i n e  were s i m i l a r  ( P l a t e  X X II ) 
H e a t i n g  i n  g l y c e r o l  and g l u c o s e  ( P l a t e  XXIII  I - I V )  The e f f e c t  on
c e l l  p r o t e i n s  o f  h e a t i n g  whole c e l l s  i n  0 . 1  M p h o s p h a te  b u f f e r  w i t h
c .  80% w/w g l y c e r o l  o r  c .  40% g l u c o s e  t o  a b o u t  0.1% s u r v i v o r s  was v e r y  
s i m i l a r  t o  t h a t  i n  s a l i n e .
H e a t i n g  i n  s u c r o s e  A g a in  a s i m i l a r  e f f e c t  was o b s e r v e d  on c e l l  p r o t e i n s  
a f t e r  h e a t i n g  i n  c .  33% s u c r o s e  a t  65°  ( P l a t e  XX II I  V & V I ) .  However ,
t h e  t im e  o f  h e a t i n g  (6 ,  12,  18, 24 o r  30 min)  had  no e f f e c t  on t h e  s i z e
o f  ■ftie new peaks  o b s e r v e d  (19 ,  20,  22)  i n  t h e  t r a c e s  f rom h e a t e d  c e l l  
e x t r a c t  ( p l a t e  XXIV). A l l  t h e  h e a t e d  c e l l  p r o t e i n  p r o f i l e s  were  
s i m i l a r  no m a t t e r  how lo n g  h e a t i n g  had  been  c o n t i n u e d .  E x t r a c t s  o f  
whole  c e l l s  b r o k e n  b e f o r e  h e a t i n g  were a l s o  examined  a f t e r  v a r i o u s  t i m e s  
a t  65°  i n  33% s u c r o s e  ( P l a t e  XXV) .  Aga in  no c o r r e l a t i o n  c o u l d  be found  
b e tw e en  t im e  o f  h e a t i n g  and change  o f  p r o t e i n  p r o f i l e .  E x p e r im e n t s  
were r e p e a t e d  u s i n g  t h e  two f r a c t i o n s  o b t a i n e d  a f t e r  c e n t r i f u g a t i o n  o f  
t h e  b r o k e n  c e l l s .  P r o f i l e s  f rom t h e  p e l l e t  ( P l a t e  XXVI) showed peak  
h o .  10 unchanged  b u t  many o t h e r  peaks  r e d u c e d  i n  s i z e  compared w i t h  t h o s e  
s e e n  i n  whole  c e l l  e x t r a c t s .  H e a t i n g  p ro d u ce d  l i t t l e  c h a n g e .  On t h e
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o t h e r  h a n d ,  t h e  s u p e r n a t a n t  f r a c t i o n  gave p r o f i l e s  where pe a k  10 was 
much r e d u c e d  i n  s i z e ,  b u t  most  o t h e r  pe a ks  were s i m i l a r  t o  t h o s e  
o b s e r v e d  i n  whole c e l l  e x t r a c t s  ( P l a t e  XX\^Il) .  H e a t i n g  p r o d u c e d  
changAS s i m i l a r  to  t h o s e  s e e n  i n  whole  c e l l  e x t r a c t s ,  b u t  a g a i n  t h e  
changes  were an  ' a l l  o r  n o t h i n g '  e f f e c t ,  and  c o u ld  n o t  be c o r r e l a t e d  
w i t h  t im e  of  h e a t i n g .
E x a m i n a t i o n  o f  c e l l  membrane p r o t e i n s '
H e a t i n g  i n  s a l i n e  The p r o f i l e  o f  membrane p r o t e i n s  was d i f f e r e n t  f rom 
t h a t  o b t a i n e d  u s i n g  whole  c e l l s .  The p r o m i n e n t  peak  (lO ( P l a t e  XXVIII ))  
s e e n  on who le  c e l l  e x t r a c t s  and t h e  p e l l e t  f r a c t i o n  from b r o k e n  c e l l s  
was s t i l l  v i s i b l e ;  many o t h e r s  had  been  r e d u c e d  or  had d i s a p p e a r e d  and 
a  new,  v e r y  l a r g e  peak  ( P l a t e  XXVII I) ,  a p p e a r e d  a t  t h e  c a th o d e  end o f  
t h e  t u b e ,  i n d i c a t i n g  s m a l l  a n d / o r  h i g h l y - c h a r g e d  p r o t e i n s .  A f t e r  
h e a t i n g  f o r  5 min a t  65°  i n  s a l i n e  t h e  l a r g e  pe a k  (22)  was v e r y  much 
s m a l l e r  ( P l a t e  X X V I I I , I I ) .  S i m i l a r  r e s u l t s  were o b t a i n e d  on r e p e a t i n g  
t h e  p r o c e d u r e  w i t h  f r e s h  s a m p l e s .
H e a t i n g  i n  s u c r o s e . When membranes h e a t e d  i n  s u c r o s e  were compared  w i t h  
t h o s e  n o t  h e a t e d  no change  i n  t h e  l a r g e  pe a k  c o u ld  be d e t e c t e d ,  n e i t h e r  
were t h e r e  any a p p a r e n t  ch a n g es  d u r i n g  h e a t i n g  ( P l a t e  XXVIII,  I I I - V I l ) .
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PLATE XXII  D e n s i t o m e t e r  t r a c e s  of  p o l y a c r y l a m i d e  g e l s  o f  ( a )  who le
c e l l s  i n  0 . 8 5 ^  w/v  s a l i n e ,  1 u n h e a t e d ;  11 h e a t e d ,  and (b )  b r o k e n  c e l l s
i n  0 . 8 5 ^  w/v s a l i n e .  111 u n h e a t e d ;  IV h e a t e d .
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PLATE XXIII  D e n s i t o m e t e r  t r a c e s  o f  p o l y a c r y l a m i d e  g e l s  o f  whole  
c e l l s  i n  ( a )  S O fo  w/w g l y c e r o l ,  1 u n h e a t e d ;  11 h e a t e d ,  (b )  40^  w/w 
g l u c o s e .  111 u n h e a t e d ;  IV h e a t e d ,  and (c )  33^ w/w s u c r o s e ,  V u n h e a t e d ;  
VI h e a t e d .  -  155 —
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PLATE XXIV D e n s i t o m e t e r  t r a c e s  o f  whole  c e l l s  i n  s u c r o s e ,  1 u n h e a t e d ;  
11 h e a t e d  f o r  6 m i n u t e s ;  111 h e a t e d  f o r  12 m i n u t e s ;  IV h e a t e d  f o r  
18 m i n u t e s ;  V h e a t e d  f o r  24 m i n u t e s ;  VI h e a t e d  f o r  30 m i n u t e s .
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PLATE XXV D e n s i t o m e t e r  t r a c e s  o f  p o l y a c r y l a m i d e  g e l s  o f  b r o k e n  
whole  c e l l s  i n  33^ s u c r o s e  s o l u t i o n ,  u n h e a t e d  I ;  h e a t e d  f o r  6 
m in u te s  I I ;  h e a t e d  f o r  12 m in u t e s  I I I ;  h e a t e d  f o r  18 m in u te s  IV; 
h e a t e d  f o r  24 m i n u t e s  V; h e a t e d  f o r  30 m i n u t e s  VI .
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PLATE XXVI D e n s i t o m e t e r  t r a c e s  o f  p o l y a c r y l a m i d e  g e l s  o f  b r o k e n  
C e l l  p e l l e t  i n  33^  s u c r o s e ,  u n h e a t e d l ;  h e a t e d  6 m in u t e s  11;  h e a t e d  
12 m i n u t e s  1 1 1 ; h e a t e d  18 m in u t e s  IV; h e a t e d  24 m in u t e s  V; h e a t e d  
30 m i n u t e s  VI ;  u n h e a t e d  i n  s a l i n e  V l l ;  h e a t e d  6 m i n u t e s  i n  s a l i n e  V I l l .
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PLATE XXVII D e n s i t o m e t e r  t r a c e s  o f  p o l y a c r y l a m i d e  g e l s  o f  b r o k e n  c e l l  
s u p e r n a t a n t ,  u n h e a t e d  i n  s a l i n e  1; h e a t e d  6 m i n u t e s  i n  s a l i n e  11 ;  i n  
33^  s u c r o s e ,  u n h e a t e d  111;  h e a t e d  f o r  6 m i n u t e s  IV; h e a t e d  f o r  12 
m i n u t e s  V; h e a t e d  f o r  18 m in u t e s  VI ;  h e a t e d  f o r  24 m i n u t e s  V l l ;  h e a t e d  
f o r  30 m i n u t e s  V l l l .
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PLATE XXVIII D e n s i t o m e t e r  t r a c e s  o f  p o l y a c r y l a m i d e  g e l s  o f  c y t o ­
p l a s m i c  membranes,  i n  s a l i n e ,  u n h e a t e d  1; h e a t e d  f o r  6 m i n u t e s  11 ;  
and  i n  33^ s u c r o s e ,  u n h e a t e d  111;  h e a t e d  f o r  45 m in u t e s  IV;  u n h e a t e d  
V; h e a t e d  f o r  6 m in u t e s  VI ;  h e a t e d  f o r  30 m i n u t e s  V l l .
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V . 3 . i v  DISCUSSION
E l e c t r o p h o r e s i s  o f  c e l l  membrane p r o t e i n s  p r o d u c e d  p r o f i l e s  w i t h  
two p r o m i n e n t  p e a k s .  One c o u ld  be i d e n t i f i e d  w i t h  a peak  s e e n  
p r e v i o u s l y  i n  whole  c e l l  e x t r a c t s ,  b u t  t h e  o t h e r  was many t i m e s  l a r g e r  
t h a n  any v i s i b l e  i n  t h a t  a r e a  i n  any  o t h e r  p r e p a r a t i o n .  T h i s  pe a k  
d i s a p p e a r e d  d r a m a t i c a l l y  a f t e r " h e a t i n g  i n  s a l i n e ,  b u t  was u n a f f e c t e d  
e ven  by p r o l o n g e d  h e a t i n g  i n  s u c r o s e  s o l u t i o n .  I t  i s  c u r i o u s  t h a t  
t h i s  l a r g e  peak  was n o t  e v i d e n t  i n  o t h e r  p r e p a r a t i o n s ,  even i n  t h e  
p e l l e t  f r a c t i o n  from b r o k e n  c e l l s ,  wh ich  would  be e x p e c t e d  t o  i n c l u d e  
t h e  c e l l  membrane and wh ich  d i d  e x h i b i t  t h e  o t h e r  peak  w h ich  was 
p r o m i n e n t  i n  membrane p r e p a r a t i o n s .  I t  i s  p o s s i b l e  t h a t  membrane 
e x t r a c t i o n  r e s u l t e d  i n  t h e  p r o d u c t i o n  o f  a new peak  by t h e  c o n c e n t r a t i o n  
o f  p r o t e i n s  which  would c o n s t i t u t e  o n l y  a  r e l a t i v e l y  m ino r  p r o p o r t i o n  
o f  whole  c e l l  p r o t e i n s .  A l t e r n a t i v e l y ,  t h e r e  c o u l d  have  be e n  some 
d e g r a d a t i o n  o f  p r o t e i n s  d u r i n g  membrane e x t r a c t i o n  which  would p ro d u ce  
low m o l e c u l a r  w e i g h t  p r o t e i n  f r a c t i o n s  wh ich  would  m i g r a t e  more 
r a p i d l y  t o w a rd s  t h e  c a t h o d e .  F u r t h e r  work would  be r e q u i r e d  t o  e l u c i ­
d a t e  t h i s  p r o b le m ,  e s p e c i a l l y  t h e  c u r i o u s  b e h a v i o u r  o f  t h e  new pe a k  on 
h e a t i n g  i n  s a l i n e .
The i n d i c a t i o n s  a r e  t h a t  most  o f  t h e  p r o t e i n  d é n a t u r a t i o n  t h a t  
does  o c c u r  on h e a t i n g  i s  i n  t h e  s o l u b l e  c e l l  f r a c t i o n  and n o t  i n  t h e  
membrane p r o t e i n ,  b u t  even t h i s  d é n a t u r a t i o n  d i d  n o t  a p p e a r  t o  be 
q u a n t i t a t i v e  w i t h  r e s p e c t  t o  h e a t i n g  and d i d  n o t  a p p e a r  t o  be a f f e c t e d  
by t h e  p r e s e n c e  of  s o l u t e s .  F o r  t h e s e  r e a s o n s  t h e s e  s t u d i e s  were n o t  
c o n t i n u e d  f u r t h e r .
V . 3 . V .  SUMMARY & CONCLUSIONS
H e a t i n g  t h e  c y t o p l a s m i c  membrane o f  Salm.  t y ph im ur ium  i n  s a l i n e  
a t  65° c a u s e d  a  d r a m a t i c  r e d u c t i o n  i n  s i z e  o f  one peak  when t h e  p r o t e i n s
-  1 6 1 ' -
were examined  by p o l y a c r y l a m i d e  g e l  e l e c t r o p h o r e s i s ,  b u t  i n  s u c r o s e  
s o l u t i o n  even  p r o l o n g e d  h e a t i n g  had  no a p p a r e n t  e f f e c t .  O th e r  e v i d e n c e  
i n d i c a t e d  t h a t ,  t h e  l i t t l e  p r o t e i n  d é n a t u r a t i o n  which  d i d  t a k e  p l a c e  
d u r i n g  h e a t i n g ,  o c c u r r e d  i n  t h e  f r a c t i o n  which  d i d  n o t  i n c l u d e  t h e  
membrane. I t  t h e r e f o r e  seemed p r o b a b l e  t h a t  t h e  e f f e c t  o f  s a l i n e  
d u r i n g  h e a t i n g  of  membranes was an  a r t i f a c t .  In  a d d i t i o n ,  t h e  changes  
o f  p r o t e i n  p r o f i l e  o b s e r v e d  a f t e r  h e a t i n g  whole c e l l s  c o u l d  n o t  be 
c o r r e l a t e d  w i t h  h e a t  t r e a t m e n t .  No p r o t e c t i v e  e f f e c t  o f  t h e  s o l u t e s  
was o b s e r v e d .
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PART VI
STUDIES OF CELL PERMEABILITY TO SUGARS AND 
POLYOLS BY MEASUREMENT OF TURBIDITY
V I . 1.  INTRODUCTION
M o r p h o l o g i c a l  e x a m i n a t i o n  o f  c e l l s  can g iv e  o n l y  q u a l i t a t i v e  
i n d i c a t i o n  o f  t h e  e x t e n t  o f  p l a s m o l y s i s ;  a more p r e c i s e  method of  
a s s e s s i n g  p e n e t r a t i o n  o f  s o l u t e s  i s  r e q u i r e d  t o  v e r i f y  t h e  h y p o t h e s i s  
t h a t  a c o n n e c t i o n  e x i s t s  be tw een  enha nce d  h e a t  r e s i s t a n c e  and  t h e  
d e g r e e  o f  p e n e t r a t i o n  o f  t h e  c e l l s  by t h e  s o l u t e s  ( see  P a r t  V j ) .
Methods o f  m e a s u r in g  s o l u t e  u p t a k e  by c e l l s  have be e n  d i s c u s s e d  
e l s e w h e r e  ( 1 1 , 4 . i v ) .  Fo r  t h i s  work i t  was d e c i d e d  t o  u se  a t u r b i d i -  
m e t r i c  method o f  m e a s u r in g  r e l a t i v e  p e r m e a b i l i t y  t o  t h e  d i f f e r e n t  
s o l u t e s  s i n c e  t h e  method i s  r a p i d  and c o n v e n i e n t .  V a r io u s  w o r k e r s  
have  shown t h a t  t h e  o p t i c a l  e x t i n c t i o n  o f  c e l l  s u s p e n s i o n s  i s  i n c r e a s e d  
when c e l l s  s h r i n k  and d e c r e a s e d  when t h e y  s w e l l  ( M i t c h e l l  & Moyle,  1955;  
A v i - d o r ,  K u e z u s k i ,  S c h a t z b e r g  & Mayer ,  1 9 56 ) .  Alemohammad & Knowles 
( 1974 ) ha v e  shown t h a t  i n c r e a s e s  i n  t u r b i d i t y  can  be d i r e c t l y  r e l a t e d  
t o  o s m o t i c  p r e s s u r e  f o r  n o n - p e r m e a n t  s o l u t e s ,  p r o v i d e d  t h a t  a l l o w a n c e  i s  
made f o r  t h e  r e f r a c t i v e  i n d e x  o f  t h e  s u s p e n d i n g  s o l u t i o n .
V I . 2.  MATERIALS & METHODS 
Organisms
Sa lm.  typ h im u r iu m  7M 4987 and o s m o p h i l i c  y e a s t s  A and B were u s e d .
The s a l m o n e l l a  was grown w i t h o u t  a e r a t i o n  f o r  18 h a t  37° i n  HIB.
The y e a s t s  were grown w i t h o u t  a e r a t i o n  e i t h e r  f o r  2 days  i n  MEB, o r  
f o r  6 days  i n  SMEB.
Su s p e n d in g  s o l u t i o n s
P r e l i m i n a r y  w ork  on s a l m o n e l l a  o n l y  was c a r r i e d  o u t  w i t h  a  s e r i e s  o f  
g l u c o s e ,  s u c r o s e  and g l y c e r o l  s o l u t i o n s  i n  0 . 1  14 p h o s p h a t e  b u f f e r  pH 
6 . 5 . These were s i m i l a r  t o  t h o s e  w h ich  had  been  u s e d  i n  t h e  h e a t  
r e s i s t a n c e  work e x c e p t  t h a t  t h e  c o n c e n t r a t i o n s  were lower and v a r i e d  
from 0 . 0 5  m o la l  t o  1 m o l a l .  T h i s  a l l o w e d  c o m pa r i son  o f  i s o - o s m o t i c
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s o l u t i o n s  o f  d i f f e r e n t  s o l u t e s .  The p e r c e n t a g e  w/w c o n c e n t r a t i o n  was 
from a b o u t  2 -  25,  1 -  15 and 0 . 5  -  8 f o r  s u c r o s e ,  g l u c o s e  and g l y c e r o l  
r e s p e c t i v e l y .  S u s p e n s i o n s  o f  s a l m o n e l l a  were p r e p a r e d  i n  0 . 1  M 
p h o s p h a t e  b u f f e r  so  t h a t  0 . 1  ml i n  3 . 0  ml b u f f e r  gave an o p t i c a l  
e x t i n c t i o n  v a l u e  a t  650 nm of  a b o u t  0 . 5 ,  m easu red  u s i n g  a Unicam SF500 
s p e c t r o p h o t o m e t e r .  S u s p e n s i o n s  were  t h e n  p r e p a r e d  u s i n g  0 . 1  ml 
s a l m o n e l l a  s u s p e n s i o n  and 3 . 0  ml o f  t h e  s o l u t i o n s  and t h e  e x t i n c t i o n  
v a l u e s  m ea su red  a f t e r  a b o u t  1 h o u r .
L a t e r  work ,  i n v o l v i n g  b o t h  t h e  s a l m o n e l l a  and t h e  y e a s t s ,  u s e d  
s o l u t i o n s  o f  t h e  same c o n c e n t r a t i o n s  as  b e f o r e ,  d i s s o l v e d  i n  10 mM. 
i m i d a z o l e /H C l  b u f f e r ,  pH 6 . 5 ,  w i t h  s o r b i t o l ,  f r u c t o s e  and PEG i n  
a d d i t i o n  t o  s u c r o s e ,  g l u c o s e  and g l y c e r o l .  The o rgan i sm s  were  h a r v e s t e d  
by c e n t r i f u g a t i o n ,  washed and r e s u s p e n d e d  i n  10 mM i m i d a z o l e  b u f f e r  so 
t h a t  1 :1  d i l u t i o n  o f  t h e  s u s p e n s i o n  i n  more b u f f e r  gave an e x t i n c t i o n  
v a l u e  a t  700 nm o f  a b o u t  0 . 2 .  1 .5  ml o rgan i sm  s u s p e n s i o n  was
added to  1 . 5  ml s o l u t e  a t  v a r i o u s  c o n c e n t r a t i o n s ,  and ^ j q q  v a l u e s  r e a d  
a f t e r  t h o r o u g h  m ix in g  10 min and 2 -3  h l a t e r , o n  a H i l g e r  & W a t t s  U v ispe c  
H700 S p e c t r o p h o t o m e t e r .  T h i s  i s  s i m i l a r  t o  t h e  method u s e d  by 
Alemohammad & Knowles ( 1 9 7 4 ) .
C o r r e c t i o n  f o r  t h e  e f f e c t  o f  r e f r a c t i v e  i n d e x
A l l  t h e  s u g a r  a nd  p o l y o l  s o l u t i o n s  ha d  r e l a t i v e l y  h i g h  r e f r a c t i v e  
i n d i c e s .  The e f f e c t  o f  i n c r e a s i n g  t h e  r e f r a c t i v e  i n d e x  o f  a s u s p e n d i n g  
s o l u t i o n  i s  t o  r e d u c e  t h e  o p t i c a l  e x t i n c t i o n  r e a d i n g s  o f  s u s p e n s i o n s  o f  
m i c r o - o r g a n i s m s  ( see  V . 2 ) .  I n  o r d e r  t o  c o r r e c t  f o r  t h e  e f f e c t  o f  
r e f r a c t i v e  i n d e x ,  t h e  o p t i c a l  e x t i n c t i o n  o f  s u s p e n s i o n s  was m ea s u red  i n  
a  s e r i e s  o f  F i c o l l  s o l u t i o n s  (Myers ,  P r o v o s t  & Vis sem an ,  196 7 ) ;  F i c o l l  
i s  a  h i g h  m o l e c u l a r  w e i g h t  po lymer  o f  s u c r o s e ,  w h i c h ,  a t  e q u i v a l e n t  
p e r c e n t  c o n c e n t r a t i o n ,  g i v e s  s o l u t i o n s  o f  e q u a l  r e f r a c t i v e  i n d e x  t o  
s u c r o s e ,  b u t  w i t h  v e r y  low osm ot ic  p r e s s u r e .
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R e f r a c t i v e  i n d i c e s  o f  t h e  F i c o l l ,  s u g a r  and p o l y p i  s o l u t i o n s ,  
d i l u t e d  1 :1  w i t h  10 mM i m i d a z o l e  b u f f e r  t o  g i v e  t h e  same f i n a l  con­
c e n t r a t i o n  a s  t h a t  i n  c o n t a c t  w i t h  t h e  c e l l s ,  were m ea s u red  u s i n g  an 
Abbe 8 6 0 '  R e f r a c t o m e t e r , S t a n d a r d  Model ( B e l l in g h a m  & S t a n l e y  L t d . ,  N .1 5 )  
Measurement  o f  t h e  e f f e c t  o f  A n t i b i o t i c s  and o t h e r  I n h i b i t o r s  on 
T u r b i d i t y
The f o l l o w i n g  i n h i b i t o r s  were  added  t o  s u s p e n s i o n s  o f  t h e  o r g a n i s m s  i n  
t h e  p r e s e n c e  o f  s u c r o s e  a t  v a r i o u s  c o n c e n t r a t i o n s  i n  10 mM i m i d a z o l e  
b u f f e r :
I n h i b i t o r
f i n a l  c o n c e n t r  
S a l m o n e l l a
a t i o n  p e r  ml
Y e a s t s
G r a m i c i d i n  D 3 / g -
G r a m i c i d i n  J 3 / g -
Polymyxin 33 u n i t s -
B a c i t r a c i n 16 u n i t s -
S t r e p t o m y c i n 50 y g -
P i r a a r i c i n — 66 yg
N y s t a t i n — 33 y&e
P o t a s s i u m  s o r b a t e 166 ^ 3 3 3 / i g
P o t a s s i u m  m e t a b i s u l p h i t e 50 yAg 100 ytg
Sodium b e n z o a t e 100 yxg 200 y&g
P r e l i m i n a r y  e x p e r i m e n t s  had  p r e v i o u s l y  been  c a r r i e d  o u t  u s i n g  a 
n e p h e lo r a e t e r  t o  m o n i t o r  g rowth  i n h i b i t i o n  o f  t h e s e  i n h i b i t o r s  i n  a 
medium c o n t a i n i n g  12^ w/w s u c r o s e  ( 0 . 4  m o l a l ) .  The f i n a l  c o n c e n t r a t i o n  
u s e d  was a l i t t l e  be low t h e  o b s e r v e d  i n h i b i t o r y  l e v e l .
— 165 —
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X S a l m .  t y p h i m u r i u m  7 M ^ 9 8 7  
® S a l m .  s e n f t e n b e r g  1797  
( h e a t  s e n s i t i v e )  
à  S a l m .  s e n f t e n b e r g  7 7 5 W 
( h e a t  r e s i s t a n t  )
0*4
o  0*3 
m
0-2
7o w / w  F i c o l l
FIGURE 18  R e l a t i o n s h i p  b e tw e en  and F i c o l l  c o n c e n t r a t i o n  fo :
s e n s i t i v e  and r e s i s t a n t  s t r a i n s  o f  s a l m o n e l l a e  i n  F i c o l l  -f 0 . 1  M 
p h o s p h a t e  b u f f e r  pH 6 . 5 .
166 -
0 ) 8
0  15
013
0 12c
u i
0 11
0 10
0 08
0 07 1-350I 3 6 5  
o f  F i c o l l  s o l u t i o n
1-360 1-3551-335 
R e f r a c t i v e  i n d e x
1-330
FIGURE 19 C o r r e c t i o n  cu rv e  f o r  t h e  e f f e c t  o f  r e f r a c t i v e  i n d e x  cn 
E^Oo S a l m o n e l l a  t yph im ur ium  7M 4987 i n  s o l u t i o n s  o f  F i c o l l  + 1,0 ^  
i m i d a z o l e /H C l  b u f f e r  pH 6 . 5 .
- 1 6 7  -
0 22
0 - 2 1 1
0 20
0-19
0-18
8  0-17
0-16
0-15
0 - U
0-13
0-12
0 11 1-3551-335 1-3A0 1-345
R e f r a c t i v e  i n d e x  o f  F i c o l l  s o l u t i o n
1-330
FIGURE 20 C o r r e c t i o n  cu rve  f o r  t h e  e f f e c t  o f  r e f r a c t i v e  i n d e x  on E, 
o f  Saccharomyces  r o u x i i  NCYC 381 i n  s o l u t i o n s  o f  F i c o l l  + 10 mM 
i m i d a z o l e / H C l  b u f f e r  pH, 6.5, .
700
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VI.3. RESULTS & DISCUSSION
E s t i m a t i o n  o f  t h e  e f f e c t  o f  r e f r a c t i v e  i n d e x  (R l )  on o p t i c a l  e x t i n c t i o n  
o f  c e l l  s u s p e n s i o n s
F i g u r e  18 shows t h e  e f f e c t  o f  v a r i o u s  c o n c e n t r a t i o n s  o f  F i c o l l  i n  0 . 1  M 
p h o s p h a t e  b u f f e r  pH 6 .5  on t h e  E^^^ of  s a l m o n e l l a  s t r a i n s  4987 ,  1797 and 
775W. C o n c e n t r a t i o n s  up  t o  38^ w/w were o b t a i n e d  by w e i g h in g  o u t  
s u i t a b l e  q u a n t i t i e s  o f  50% w/w F i c o l l  i n  0 . 1  M p h o s p h a te  b u f f e r  s i n c e  
t h e  s o l u t i o n  was f a r  t o o  v i s c o u s  t o  p i p e t t e .
The e f f e c t  of  r a i s i n g  t h e  RI o f  t h e  s u s p e n d i n g  s o l u t i o n  was t o  
low e r  t h e  p r e s u m a b ly  b e c a u s e  t h e  c o n t r a s t  b e tw e en  t h e  r e f r a c t i v e
i n d e x  o f  t h e  s u s p e n d i n g  s o l u t i o n  and t h e  c e l l s  was r e d u c e d ,  r e s u l t i n g  i n  
l e s s  l i g h t - s c a t t e r , I t  i s  i n t e r e s t i n g  t h a t  t h e  E^^^ f o r  e a c h  s t r a i n  
r e a c h e d  a  minimum a t  a b o u t  32.5% w/w F i c o l l ,  w h ic h  i s  e q u i v a l e n t  t o  an 
RI o f  a b o u t  1 . 3 8 5 0 .  At  t h i s  p o i n t  t h e  RI o f  t h e  c e l l s  would  be
e x p e c t e d  t o  be e q u i v a l e n t  to  t h e  RI o f  t h e  s u s p e n d i n g  medium, and f u r t h e r
i n c r e a s e  o f  t h e  RI o f  t h e  s u s p e n d i n g  medium would  be e x p e c t e d  t o  r e s u l t  
i n  an  i n c r e a s e  o f  E^^^ -  i n  f a c t  t h i s  t r e n d  i s  a p p a r e n t  i n  t h e  cu rv e  f o r  
4987 .  T h i s  method was u s e d  i n  p l a c e  o f  t h e  p h a s e - c o n t r a s t  method (V.2)  
t o  m easu re  c e l l  RI wh ich  p r o v e d  u n s u c c e s s f u l .  R e s u l t s  w i t h  t h e  t h r e e  
s t r a i n s  t e s t e d  h e r e ,  however , ,  showed no d i f f e r e n c e s  i n  RI be tw een  
s e n s i t i v e  and r e s i s t a n t  s t r a i n s .  The w a t e r  c o n t e n t  c a l c u l a t e d  i n  a 
way s i m i l a r  to  t h a t  i n  V . 2 n i i . would be a b o u t  70% w/w.
F i g u r e s  19 and  20 show t h e  e f f e c t  o f  c h a n g i n g  r e f r a c t i v e  i n d e x  w i t h
F i c o l l  s o l u t i o n s  i n  10 mM i m i d a z o l e /H C l  b u f f e r  oh t h e  s a l m o n e l l a  (4987)  
and on a  y e a s t .  S i m i l a r  c u r v e s  were o b t a i n e d  w i t h  xhe o t h e r  y e a s t .
A F i c o l l  c a l i b r a t i o n  c u rve  was c o n s t r u c t e d  f o r  e a ch  c e l l  s u s p e n s i o n  
p r e p a r e d ,  so t h a t  r e a d i n g s  c o u l d  be  c o r r e c t e d  f o r  t h e  e f f e c t  o f  r e f r a c t i v e  
i n d e x .  ^
E f f e c t  o f  d i f f e r e n t  s o l u t e s  on E^^^ o f  s a l m o n e l l a  i n  0 . 1  M p h o s p h a te  b u f f e r
(Pig. 21)
A p r e l i m i n a r y  e x p e r i m e n t  showed t h a t  g l y c e r o l ,  s u c r o s e  and g l u c o s e
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a l l  i n c r e a s e d  t h e  o f  s a l m o n e l l a  i n  0 . 1  M p h o s p h a te  b u f f e r ,  and
t h a t  a t  a p p r o x i m a t e l y  e q u i v a l e n t  o s m o t i c  p r e s s u r e  g l u c o s e  i n c r e a s e d  
t h e  E^^Q more t h a n  s u c r o s e ,  and b o t h  s u c r o s e  and g l u c o s e  i n c r e a s e d  E^^^ 
more t h a n  g ^ c e r o l = Above a b o u t  0 . 5  m o la l  c o n c e n t r a t i o n  t h e r e  was l i t t l e  
f u r t h e r  i n c r e a s e  i n  E^^^ i n  any  s o l u t e .  The c o r r e c t i o n s  f o r  r e f r a c t i v e  
i n d e x  e f f e c t  i n  t h i s  e x p e r i m e n t  a r e  o n l y  a p p ro x i m a t e  b e c a u s e  t h e y  were 
e s t i m a t e d . f r o m  t a b l e s  u s i n g  t h e  c o n c e n t r a t i o n s  o f  s o l u t e s  p r e s e n t  and  
F i g .  18 and  n o t  m e a s u r e d .
E f f e c t  o f  s o l u t e s  on E o f  s a l m o n e l l a  i n  10 mM i m i d a z o l e /H C l  b u f f e r
' ( F ig s  2 2 - 2 3 )
More d e t a i l e d  e x a m i n a t i o n  o f  t h e  e f f e c t  o f  s o l u t e s  on t h e  t u r b i d i t y
o f  Sa lm.  typh im ur ium  7M 4987 s u s p e n s i o n s  c o n f i r m e d  t h a t  g l y c e r o l
c a u s e d  l e a s t  i n c r e a s e  i n  E^^^ a t  a l l  o s m o t i c  p r e s s u r e s ,  and PEG gave
r e a d i n g s  o n l y  s l i g h t l y  h i g h e r .  I n i t i a l l y ,  t h e  o t h e r  4 s o l u t e s  gave
s i m i l a r  E^^^ r e a d i n g s  ( F i g .  2 2 ) ,  b u t  a f t e r  i n c u b a t i n g  t h e  o r g a n i s m s  a t
room t e m p e r a t u r e  f o r  2 - 3  h o u r s  c o n s i s t e n t  d i f f e r e n c e s  i n  e x t i n c t i o n
v a l u e s  were  o b s e r v e d .  E x t i n c t i o n  v a l u e s  i n  PEG and g l y c e r o l  were low
b u t  i n  t h e  o t h e r  f o u r  s o l u t e s  h i g h e r  v a l u e s  were o b t a i n e d  i n  t h e  o r d e r
s u c r o s e ^  g l u c o s e ^ f r u c t o s e ^  s o r b i t o l . T h i s  i s  a l m o s t  t h e  same o r d e r
o b s e r v e d  p r e v i o u s l y  ( P a r t  IV) f o r  t h e  d e g r e e  o f  h e a t  p r o t e c t i o n  by t h e s e
s o l u t e s ,  e x c e p t  t h a t  t h e  p o s i t i o n s  o f  s o r b i t o l  a n d  f r u c t o s e  a r e
r e v e r s e d .  Dur ing  th e  p e r i o d  o f  i n c u b a t i o n  t h e r e  was a d r o p  i n  a l l
E _ v a l u e s ,  b u t  t h e  d e c r e a s e  was more w i t h  some s o l u t e s  t h a n  o t h e r s  -  
J U U
f o r  i n s t a n c e  i t  was l e a s t  i n  s u c r o s e  and  most  i n  s o r b i t o l .  Th i s  was
p r e s u m a b l y  due t o  some u p ta k e  o f  t h e  s o l u t e  by t h e  c e l l s  ( r e s w e l l i n g ) ,
t h e  e x t e n t  o f  wh ich  dep e n d ed  on t h e  r e l a t i v e  p e r m e a b i l i t y  o f  t h e  c e l l s
t o  t h e  s o l u t o s .  .
E f f e c t  o f  s o l u t e s  on E^^^ o f  y e a s t s  i n  10 mM i m i d a z o l e /H C l  b u f f e r
700 (P igs, 24 -  29)
I n c r e a s e  o f  e x t i n c t i o n  v a l u e s  i n  s o l u t e  s o l u t i o n s  was a l s o  o b s e r v e d  
w i t h  y e a s t s .  I n i t i a l l y ,  a s  w i t h  t h e  s a l m o n e l l a ,  a l l  t h e  s o l u t e s  t e n d e d
- 173 -
t o  g i v e  s i m i l a r  v a l u e s ,  a l t h o u g h  g l y c e r o l  t e n d e d  to  g i v e  t h e  l o w e s t  
v a l u e s  and s u c r o s e  t h e  h i g h e s t  ( F i g s .  24 & 2 6 ) .  A f t e r  a few h o u r s  a t  
room t e m p e r a t u r e  g r e a t e r  d i f f e r e n c e s  w ere  o b s e r v e d  i n  r e s u l t s  f rom 
d i f f e r e n t  s o l u t e s  ( F i g s .  25 & 2 7 ) .  The o r d e r  o f  m agn i tude  was s u c r o s e ^  
s o r b i t o l ^ f r u c t o s e > P E G >  f o r  y e a s t  A ( F ig  25)  and  s u c r o s e ^
s o r b i t o l ' ^  f r u c t o s e ' ^ g l u c o s e ' ^ g l y c e r o l P E G  f o r  y e a s t  B ( F i g .  2 7 ) .
Aga in  t h i s  a g r e e s  w e l l  w i t h  t h e  o r d e r  o f  h e a t  p r o t e c t i o n  o b s e r v e d  ( I V . 2)  ■ 
s u c r o s e ^  s o r b i t o l ' ^  f r u c t o s e ' ^ g l u c o s e ' >  g l y c e r o l ' ^ P E G  f o r  y e a s t  A and 
s u c r o s e " ^  s o r b i t o l  ^  g l u c o s e  ^  f r u c t o s e " ^  g l y c e r o l ' ^ P E G  f o r  y e a s t  B.
When t h e  e x p e r i m e n t s  were  r e p e a t e d  w i t h  c e l l s  grown i n  SMEB s i m i l a r  
r e s u l t s  were o b t a i n e d  ( F ig s  28 & 2 9 ) .  However ,  E^^^ v a l u e s  were n o t  
a s i i h ig h  a s  t h o s e  o b t a i n e d  w i t h  c e l l s  grown i n  MEB and t h e  d i f f e r e n c e s  
o b t a i n e d  be tw een  s o l u t e s  were  l e s s .  T h i s  was p r e s u m a b ly  b e c a u s e  t h e  
i n t e r n a l  o sm o t i c  p r e s s u r e  was h i g h e r  i n  c e l l s  grown i n  SMEB so t h a t  t h e  
s h r i n k a g e  was l e s s  and c o n s e q u e n t l y  t h e r e  was l e s s  i n c r e a s e  i n  t u r b i d i t y ,  
PEG gave h i g h  E^^^ v p l u e s  b u t  was t h e  l e a s t  p r o t e c t i v e  s o l u t e  t e s t e d .
T h i s  anomalous r e s u l t  may have  been  due t o  a t o x i c  e f f e c t  s i m i l a r  t o  
t h a t  o b s e r v e d  w i t h  s a l r a o n e l l a e .  (See P a r t  IV) .
C o m p a r a t i v e l y  d i l u t e  s o l u t e  s o l u t i o n s  were u s e d  i n  t h i s  s t u d y  
b e c a u s e  o f  t h e  p r a c t i c a l  d i f f i c u l t i e s  o f  p i p e t t i n g  and m ix in g  v i s c o u s  
s o l u t i o n s .  Also  p r e l i m i n a r y  e x p e r i m e n t s  i n d i c a t e d  t h a t  maximum 
e x t i n c t i o n  v a l u e s  were o b t a i n e d  a t  r e l a t i v e l y  low s o l u t e  c o n c e n t r a t i o n s  
and  c o m p a r i s o n  o f  s o l u t e s  a t  h i g h  c o n c e n t r a t i o n s  m igh t  n o t  have r e v e a l e d  
a ny  d i f f e r e n c e s .  I t  was c o n s i d e r e d  t h a t  r e s u l t s  a t  l o w e r  c o n c e n t r a t i o n s  
would g i v e  q u a l i t a t i v e  i n d i c a t i o n s  o f  t h e  s i t u a t i o n  a t  h i g h  c o n c e n t r a t i o i .
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E f f e c t  o f  i n h i b i t o r s  on s u c r o s e  s o l u t i o n s
None o f  t h e  i n h i b i t o r s  examined a p p e a r e d  t o  change- t h e  E^qq o f  
s a l m o n è l l a e  i n  s o l u t i o n s  o f  s u c r o s e .  W ith  t h e  y e a s t s ,  n y s t a t i n ,  
p i m a r i c i n  and p o t a s s i u m  m e t a b i s u l p h i t e  a l l  a f f e c t e d  t h e  E^^^ r e a d i n g s  
i n  s u c r o s e  ( F i g s .  30 & 3 l ) .  N y s t a t i n  (33 y<g/ml) and p i m a r i c i n  
(66 y ; g / m l ) b o t h  i n c r e a s e d  e x t i n c t i o n  v a l u e s  a t  h i g h  o s m o t i c  p r e s s u r e s  
i n  s u c r o s e .  There  i s  e v id e n c e  (Lampen, 1966;  Gross  & G r o s s ,  1972;  
Hammond &  K l i g e r ,  1974)  t h a t  t h e s e  a n t i b i o t i c s  ( b o th  o f  t h e  p o l y e n e  
t y p e )  b i n d  to  t h e  y e a s t  c e l l  membrane s t e r o l s  and  a l t e r  membrane 
p e r m e a b i l i t y ,  c a u s i n g  l o s s  o f  i n t e r n a l  s o l u t e s  such  as  s m a l l  c a t i o n s  
and s u g a r s ,  a t  low c o n c e n t r a t i o n s ,  and l o s s  o f  l a r g e r  m o l e c u l e s  a t  h i g h  
c o n c e n t r a t i o n s  o f  a n t i b i o t i c .  I f  t h e s e  i n h i b i t o r s  c a u se  l o s s  o f  
i n t e r n a l  s o l u t e s  b u t  do n o t  a l l o w  s u c r o s e  t o  e n t e r ,  t h e  g r e a t e r  
i n c r e a s e  o f  E^^Q o b s e r v e d  i n  s u c r o s e  can  be e x p l a i n e d  by  t h e  g r e a t e r  
d i f f e r e n c e  i n  o s m o t i c  p r e s s u r e  b e tw een  t h e  c y t o p l a s m  and t h e  s u r r o u n d i n g  
medium, c a u s i n g  g r e a t e r  c e l l  s h r i n k a g e .
P o t a s s i u m  i n e t a b i s u l p h i t e  r e d u c e d  t h e  i n c r e a s e  o f  E^^^ and p r e s u m a b ly  
a c t e d  by  n o n - s e l e c t i v e l y  i n c r e a s i n g  membrane p e r m e a b i l i t y ,  so t h a t  even  
h i g h  o s m o t i c  p r e s s u r e s  c a u s e d  l i t t l e  c e l l  s h r i n k a g e .  T h i s  a g r e e s  w i t h  
t h e  v iew  o f  F r e e s e  e t  a l . (1973)  t h a t  s u l p h i t e ,  u n l i k e  most  o t h e r  
a n t i m i c r o b i a l  food  a d d i t i v e s ,  does  n o t  a c t  by i n h i b i t i n g  s u b s t r a t e  
t r a n s p o r t  i n t o  c e l l s .
These  r e s u l t s  i n d i c a t e  t h a t  t u r b i d i m e t r i c  s t u d i e s  wou ld  be a  good 
method o f  s c r e e n i n g  compounds f o r  t h e i r  e f f e c t  on c e l l  p e r m e a b i l i t y  
and m ig h t  i n d i c a t e  wh ich  compounds c o u l d  be u s e d  to  r e d u c e  h e a t  r e s i ­
s t a n c e  o f  o r g a n i s m s  i n  c o n d i t i o n s  o f  h i g h  s o l u t e  c o n c e n t r a t i o n .
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V I , 4 .  SUMMARY & CONCLUSIONS
S t u d i e s  o f  t u r b i d i t y  o f  S a lm . t yph im ur ium  7M 4987- and o f  two, 
o s m o p h i l i c  y e a s t s  i n  s o l u t i o n s  o f  s u c r o s e ,  g l u c o s e ,  f r u c t o s e ,  s o r b i t o l  
and g l y c e r o l  up  t o  0 . 5  m o la l  i n d i c a t e  t h a t  t h e  e x t e n t  by which  t u r b i d i t y  
was i n c r e a s e d  c o r r e l a t e s  q u i t e  w e l l  w i t h  d e g r e e  o f  p r o t e c t i o n  a f f o r d e d  
by t h e  s o l u t e s  ( a t  h i g h e r  c o n c e n t r a t i o n )  d u r i n g  h e a t i n g  a t  6 5 ° .  PEG 
does  n o t  conform w i t h  t h i s  p a t t e r n  s i n c e  i t  o f t e n  i n c r e a s e d  t u r b i d i t y  
s u b s t a n t i a l l y ,  and  y e t  was t h e  l e a s t  p r o t e c t i v e  s o l u t e  d u r i n g  h e a t i n g ;  
b u t  PEG was found  t o  be t o x i c  p e r  s e .
These r e s u l t s  s u p p o r t  t h e  h y p o t h e s i s  t h a t  d e g r e e  o f  p r o t e c t i o n  
o f  t h e  s o l u t e s  can be c o r r e l a t e d  w i t h  d e g r e e  o f  p l a s r n o l y s i s  o r  c e l l  
s h r i n k a g e ,  and hence  t o  t h e  p e r m e a b i l i t y  o f  t h e  c y t o p l a s m i c  membrane 
t o  t h e s e  s o l u t e s .
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PART VII
GENERAL DISCUSSION AND 
CONCLUSIONS
' D r y '  c o n d i t i o n s  can  be d e f i n e d  p h y s i c o —c h e m i c a l l y  i n  t e r m s  o f
w a t e r  a c t i v i t y  ( a ^ J .  Measurement  o f  a,^  ^ r a t h e r  t h a n  p e r c e n t a g e  w a t e r
h a s  be e n  found  t o  be u s e f u l  i n  a s s e s s i n g  w h e t h e r  m i c r o - o r g a n i s m s  can
grow i n  a g i v e n  s i t u a t i o n .  I n v e s t i g a t i o n s  o f  t h e  r e l a t i o n s h i p  b e tw e en
m i c r o b i a l  h e a t  r e s i s t a n c e  a n d  the  a o f  t h e  e n v i r o n m e n t  have  a l s o  b e e nw
made ( se e  P a r t  I I . 6 ) ,  i n  t h e  hope t h a t  measurem ent  o f  a^  c o u l d  be u s e d
t o  p r e d i c t  m i c r o b i a l  h e a t  r e s i s t a n c e .  ^
R e s u l t s  up t o  now have  i n d i c a t e d  t h a t  no s im p l e  r e l a t i o n s h i p  e x i s t s
b e tw e en  h e a t  r e s i s t a n c e  and  a^  ( s e e  P a r t  I 1 . 6 ) ,  and i n  p a r t i c u l a r ,  t h a t
h i g h  c o n c e n t r a t i o n s  o f  d i f f e r e n t  s o l u t e s  i n  t h e  h e a t i n g  menst ruum may
have d i f f e r e n t  e f f e c o s  a t  t h e  same a . The o b j e c t  o f  t h e  p r e s e n tw ^
s t u d y  was t o  i n v e s t i g a t e  i n  d e t a i l  t h e  e f f e c t  o f  a  l i m i t e d  number o f  
r e l a t e d  n o n - i o n i c  s o l u t e s  on a  few e c o n o m i c a l l y  i m p o r t a n t  v e g e t a t i v e  
form m i c r o - o r g a n i s m s .
P r e l i m i n a r y  r e s u l t s  i n d i c a t e d  t h a t  t h e r e  were v e r y  l a r g e  d i f f e r e n c e s  
i n  h e a t  r e s i s t a n c e  o f  t h e  same o r g a n i s m  i n  d i f f e r e n t  s o l u t e s  a t  e q u i v a ­
l e n t  a  , and  t h a t  t h e r e  was no d i r e c t  r e l a t i o n s h i p  b e tw een  a  and h e a t  w ^ w
r e s i s t a n c e  in  i n d i v i d u a l  s o l u t e s .  C o n s i d e r a t i o n  o f  h e a t  r e s i s t a n c e  o f
s a l r a o n e l l a e  w i t h  r e l a t i o n  t o  w/w s o l u t e  c o n c e n t r a t i o n  showed t h a t  f o r
a l l  s o l u t e s  i n v e s t i g a t e d  e x c e p t  g l y c e r o l  and p o l y e t h y l e n e  g l y c o l  t h e r e
was a d i r e c t  r e l a t i o n s h i p  b e tw e en  l o g  D^^ and ^  w/w s o l u t e .  There  were
d i f f e r e n c e s  be tw een  s o l u t e s  when h e a t  r e s i s t a n c e  was compared  a t  t h e
same ^  w/w c o n c e n t r a t i o n ,  b u t  t h e s e  were l e s s  t h a t  when a was c o n s i d e r e d ,• w
H ea t  r e s i s t a n c e  o f  s a l r a o n e l l a e  was a lw ays  much l e s s  i n  g l y c e r o l  t h a n  i n  
t h e  o t h e r  s o l u t e s  a t  e q u i v a l e n t  c o n c e n t r a t i o n .  With t h e  o s m o p h i l i c  
y e a s t s  r e s i s t a n c e  was l e a s t  i n  g l y c e r o l ,  g l u c o s e  and  f r u c t o s e .  P o l y ­
e t h y l e n e  g l y c o l  was t o x i c  f o r  both, g r oups  o f  o rg an i s m s  even  w i t h o u t  
h e a t i n g .  I n v e s t i g a t i o n s  o f  t h e  e f f e c t  o f  m i x t u r e s  o f  two s o l u t e s  on 
t h e  h e a t  r e s i s t a n c e  o f  Sa lm.  typh im ur ium  showed t h a t  a t  any  one a^  ^ l e v e l ,
-  185 -
l o g  was a g a i n  d i r e c t l y  r e l a t e d  t o  t h e  t o t a l  i o  w/w s o l u t e  c o n c e n t r a ­
t i o n .
When f u r t h e r  i n v e s t i g a t i o n  was c o n s i d e r e d  i n t o  t h e  e f f e c t  o f  
" t h e s e  s o l u t e s  on h e a t  r e s i s t a n c e  i t  was r e c o g n i s e d  t h a t  t h e r e  c o u ld  be 
many c o m p l i c a t i n g  f a c t o r s .  The g r e a t e s t  d i f f i c u l t y  i s  t h a t  t h e  mechanism 
o f  t h e r m a l  d e a t h  o f  m i c r o - o r g a n i s m s ,  a l t h o u g h  much i n v e s t i g a t e d ,  i s  
s t i l l  n o t  u n d e r s t o o d  ( see  P a r t  I I . 7 ) ,  n e i t h e r  i s  t h e  r e a s o n  f o r  l a r g e  
d i f f e r e n c e s  i n  h e a t  r e s i s t a n c e  b e tw een  c l o s e l y  r e l a t e d  m i c r o - o r g a n i s m s .
A p o t e n t i a l l y  m a jo r  f a c t o r  i n  d e t e r m i n i n g  t h e  e f f e c t  o f  s o l u t e s  on h e a t  
r e s i s t a n c e  was t h o u g h t  t o  be t h e i r  a b i l i t y  t o  p e n e t r a t e  t h r o u g h  t h e  c e l l  
e n v e lo p e  i n t o  t h e  c y t o p l a s m .  The unknown v i t a l  f a c t o r ( s )  whose 
d é n a t u r a t i o n  i s  r e s p o n s i b l e  f o r  t h e  t h e r m a l  d e a t h  o f  c e l l s  c o u ld  be 
a f f e c t e d  by t h e  p e n e t r a t i o n  o r  n o n - p e n e t r a t i o n  o f  t h e s e  s o l u t e s .  A l t e r ­
n a t i v e l y ,  d i f f e r e n c e s  i n  h e a t  r e s i s t a n c e  c o u ld  be due t o  d i f f e r i n g  e f f e c t s  
o f  t h e  s o l u t e s  on c e l l  membranes,  c e l l  p r o t e i n s ,  enzyme s y s te m s  o r  o t h e r  
components  such  as  RNA o r  DNA.
I n i t i a l  s t u d i e s  had n o t  r e v e a l e d  any  r e l a t i o n s h i p  be tw een  a b i l i t y  
o f  m i c r o - o r g a n i s m s  t o  a s s i m i l a t e  t h e  s o l u t e s  and t h e  d e g r e e  o f  h e a t  
r e s i s t a n c e  ( P a r t  I I I ) .  F r e e z e - e t c h  e l e c t r o n  m ic r o s c o p y  showed t h a t  
some s o l u t e s  were a b l e  t o  p l a s m o ly z e  c e l l s  w h i l e  o t h e r s  d i d  n o t ,  and 
t h a t  d e g r e e  o f  p l a s m o l y s i s  showed some c o r r e l a t i o n  w i t h  d e g r e e  o f  
i n c r e a s e d  h e a t  r e s i s t a n c e .  A more q u a n t i t a t i v e  a s s e s s m e n t  o f  p l a s ­
m o l y s i s  was a c h i e v e d  by u se  o f  o p t i c a l  d e n s i t y  m easu rem en ts  ( P a r t  V I ) ,  
wh ich  showed good c o r r e l a t i o n  w i t h  d e g r e e  o f  i n c r e a s e d  h e a t  r e s i s t a n c e  
f o r  b o t h  s a l m o n e l l a e  and y e a s t s .  The g r e a t e r  t h e  p l a s m o l y s i n g  e f f e c t  
o f  t h e  s o l u t e ,  t h e  more h e a t  r e s i s t a n c e  was e n h a n c e d .  ' From t h e s e  
o b s e r v a t i o n s  i t  seemed t h a t  i n c r e a s e  i n  h e a t  r e s i s t a n c e  was a s s o c i a t e d  
more w i t h  r em ova l  o f  c e l l  w a t e r  t h a n  by r e p l a c e m e n t  o f  t h e  c e l l  w a t e r  by 
s o l u t e s .
186 -  . . .
I n a b i l i t y  t o  a s s i m i l a t e  s o l u t e s  was n o t  c o r r e l a t e d  w i t h  p l a s m o l y s i s .  
I t  was p o s s i b l e  t o  f i n d  a s o l u t e  c a u s i n g  p l a s m o l y s i s  w h i c h  c o u ld  be 
a s s i m i l a t e d  ( e . g .  g l u c o s e ,  f r u c t o s e  and s o r b i t o l  w i t h  Salm.  t y p h i m u r i u m ), 
o r  a. s o l u t e  n o t  c a u s i n g  p l a s m o l y s i s  b u t  which  c o u ld  n o t  be a s s i m i l a t e d  
( e . g .  g l y c e r o l  w i t h  S c h i z o s a c c h a r m y c e s  pombe) .  T h i s  was n o t  an un­
e x p e c t e d  o b s e r v a t i o n  s i n c e  a b i l i t y  t o  a s s i m i l a t e  r e q u i r e s  who le  enzyme 
sy s te m s  w h ic h  may n o t  be p r e s e n t  even  i f  a s o l u t e  can  p e rm e a t e  i n t o  t h e  
c y t o p l a s m .  I t  seems t h a t  low p e r m e a b i l i t y  may be s u f f i c i e n t  f o r  , 
a s s i m i l a t i o n  t o  o c c u r ,  even  when c e l l s  may a p p e a r  p l a s m o ly z e d  -  a s  i n  
t h e  c a s e  o f  g l u c o s e ,  f r u c t o s e  and s o r b i t o l  which  a r e  known t o  p e rm e a t e  
i n t o  s a l m o n e l l a e  by  t h e  p h o s p h o e n o l p y r u v a t e  p h o s p h o t r a n s f e r a s e  s y s t e m .
A t t e m p t s  t o  show a d i r e c t  r e l a t i o n s h i p  be tw een  whole c e l l  p r o t e i n  
o r  membrane p r o t e i n  d é n a t u r a t i o n  and  h e a t  damage o r  o f  a  p r o t e c t i v e  
s o l u t e  e f f e c t ,  by u s e  o f  p o l y a c r y l a m i d e  g e l  e l e c t r o p h o r e s i s  were n o t  
s u c c e s s f u l .  F u r t h e r  i n v e s t i g a t i o n s  o f  t h e  e f f e c t s  on o t h e r  c e l l  com­
p o n e n t s  o f  d e h y d r a t i o n  a nd  r e p l a c e m e n t  o f  w a t e r  by s o l u t e s  m ig h t  have 
r e v e a l e d  more i n t e r e s t i n g  r e s u l t s .
A p o s s i b l e  r e a s o n  f o r  g r e a t e r  h e a t  r e s i s t a n c e  i n  some s t r a i n s  o f  
s a l m o n e l l a e  t h a n  o t h e r s  a t  h i g h  a,^ c o u l d  be t h a t  t h e  more r e s i s t a n t  
s t r a i n s  have  a r e d u c e d  c e l l  w a t e r  c o n t e n t .  However ,  no s i g n i f i c a n t  
d i f f e r e n c e s  were o b s e r v e d  i n  w a t e r  c o n t e n t  o r  w a t e r  r e l a t i o n s  by  any
o f  t h e  methods u s e d  i n  t h i s  s t u d y .  However ,  t h e r e  i s  s c ope  f o r  f u r t h e r
i n v e s t i g a t i o n  a l o n g  t h e s e  l i n e s .
A l t h o u g h  t h e  p r e s e n t  i n v e s t i g a t i o n  l e a v e s  many q u e s t i o n s  u n a n s w e re d ,
some c o n c l u s i o n s  ca n  be p u t  t o  p r a c t i c a l  u s e .  Measurement  o f  t h e  o f
a  s u b s t a n c e  t o g e t h e r  w i t h  knowledge  o f  s o l u b l e  s o l u t e s  and  t h e i r  c o n -
a r cugh
c e n t r a t i o n s  m igh t  be o f  some a s s i s t a n c e  i n ^ a s s e s s m e n t  o f  h e a t  r e s i s t a n c e  
o f  c o n t a m i n a t i n g  m i c r o - o r g a n i s m s .  . I t  would  n o t  be p o s s i b l e  t o
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c o n f i d e n t l y  p r e d i c t  h e a t  r e s i s t a n c e  of  a n y  p a r t i c u l a r  o r g a n i s m s  i n  
c o n d i t i o n s  o t h e r  t h a n  t h o s e  s t u d i e d  i n  t h i s  o r  s i m i l a r  w o rk .  H ea t  
r e s i s t a n c e  w ou ld  n e e d  t o  be d e t e r m i n e d  i n  t h e  s p e c i f i c  s u b s t r a t e .
. However , ,  some o f  t h e  p r i n c i p l e s  e l u c i d a t e d  h e r e  c o u ld  be a p p l i e d  i n  
d e c i d i n g  how t o  r e d u c e  m i c r o b i a l  h e a t  r e s i s t a n c e  i n  a p a r t i c u l a r  s i t u a ­
t i o n  and  t h u s  r e d u c e  n e c e s s a r y  h e a t  i r e a t m e n t  o r  p roduce  a b e t t e r  q u a l i t y  
p r o d u c t .  Fo r  i n s t a n c e  r e d u c t i o n  o f  s u c r o s e  c o n c e n t r a t i o n ,  s u b s t i t u t i o n  
o f  g l y c e r o l  f o r  s u c r o s e  o r  a d d i t i o n  o f  a  s u b s t a n c e  a b l e  t o  n o n - s e l e c t i v e l y  
i n c r e a s e  membrane p e r m e a b i l i t y  s h o u l d  a l l  have t h e  e f f e c t  o f  r e d u c i n g  
h e a t  r e s i s t a n c e  o f  s a l m o n e l l a e  and y e a s t s . E f f e c t s  o f  s o l u t e s  o r  
i n h i b i t o r s  on p l a s m o l y s i s  and h e n c e  on he a t '  r e s i s t a n c e  can  be r a p i d l y  
a s s e s s e d  by  u se  o f  o p t i c a l  e x t i n c t i o n  methods  ( P a r t  V I }. In  t h i s  way 
i t  may be p o s s i b l e  t o  p r e d i c t  c o n d i t i o n s  where  m i c r o b i a l  h e a t  r e s i s t a n c e  
i s  m in im a l  and so  he-lp t o  p ro d u ce  fo o d s  and o t h e r  p r o d u c t s  o f  b e t t e r  
q u a l i t y  by  e l i m i n a t i o n  o f  b o t h  p o t e n t i a l  p a th o g e n s  and o f  o r g a n i s m s  a b l e  
t o  grow and  c a u se  s p o i l a g e  a t  r e d u c e d  w a t e r  a c t i v i t y .
— 188 —
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